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PREFACE 


This work may be regarded as a continuation of my treatise 
on ‘Elementary Physiography,’ It carries the student into 
wider realms of nature, and treats of Advanced Physiography 
as defined by the Syllabus of the Science and Art Department 
Whether Physiography be regarded as a separate science or 
not, it cannot be denied that, as thus set forth, it includes a 
fairly well-defined and well-ordered series of facts connected 
wjth the study of the universe. This is quite as much as can 
be said of what is included in most of the other ‘ sciences.’ 

As will be seen on looking over the contents of the book, 
many of the marvellous results achieved by what has been 
called the New Astronomy belong to the course. This de- 
partment of astronomy is that which has arisen during the 
last thirty years from the application to the telescope of the 
spectroscope and the sensitive plate of the photographer. It 
is concerned more with the physical and chemical constitution 
of the heavenly bodies than with their exact positions and 
movements, as discussed in the older department of astronomy. 
This older branch, how^ever, has not been entirely neglected. 

" In the preparation of the work I have sought information 
and help from all available sources — from recent works bearing 
on the subject, from scientific journals, and from the proceed* 
ings of various learned societies. Many specific acknowledg- 
ments are made in different parts of the book. Some thirty 
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illustratic’tliC'ave been specially prepared, while the rest have 
been obtained chiefly from BalFs ‘Elements of Astronomy,’ 
Gan-M*s ‘ Physics,’ Proctor’s ‘ Old and New Astronomy,’ and 
Schellen’s ‘ Spectrum Analysis.’ 

The table of Emission and Absorption Spectra is inserted 
by the kind permission of Mr. Norman Lockyer, 

I am indebted to my brother, I^Ir. A. Thornton, M.A., fox 
valuable hints and suggestions in most of the chapters. To 
the friends who have assisted in the labour of revising proofs 
I also wish to express my obligations. 

In conclusion, the reader is advised to obtain a copy of 
the excellent pamphlet entitled, ‘ Demonstrations and Practical 
Work in Astronomical Physics.’ It is issued by the Science 
and Art Department, and, besides giving an idea of the valuable 
course of instruction carried on under the direction of Professor 
Lockyer, will serve as a useful supplement to what is said on 
this subject in the course of this work. 

J. THORNTON. 

Bolton : February 26, 1S90. 


PREFACE TO FOURTH EDITION. 

In this edition I have made a number of small alterations 
and corrections, besides adding twenty-three new paragraphs 
on the new matter included in the latest syllabus. Suitable 
questions on these paragraphs have also been added in the 
Appendix. I am greatly indebted to Dr, Roberts for his 
courteous permission to copy two of his splendid photographs 
of the nebulae. 


Nmiember, 1896. 


J. THORNTON. 
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CHAPTER I. 

THE CELESTIAL SPHERE— CONSTELLATIONS-^ 
DEFINITIONS AND EXPLANATIONS, 

I. Introduction. — An observer situated on the surface of the 
earth sees above him what he conceives to be a concave surface 
curving down to the horizon on all sides. This imaginary 
hemisphere appears to be studded with the various heavenly 
bodies, and its base, forming the plane by which his view is 
bounded, is known as the plane of the horizon. As this hemi- 
spherical vault is seen at every place on the earth’s surface, 
it is not difficult to arrive at the idea that tlie earth, which we 
know to be a globe, is the centre of a vast sphere. Such a 
conception gives rise to what is generally spoken of as the 
celestial sphere, and the directions, apparent positions, and 
motions of the heavenly bodies are defined by referring them 
to this sphere. During the day the observer appears to see the 
sun rise in the east above the plane of the horizon — the centre 
of which he occupies — pass over the concave surface, and dis- 
appear at a corresponding point in the west. When this motion 
is carefully noted day after day in, or near, the middle latitudes 
of either the northern or southern hemisphere of the earth, the 
sun’s daily path is observed to change, being much larger in 
summer than in winter. But besides the daily motion of rising 
and setting, the sun appears to have another motion on the 
celestial sphere, in a contrary direction when its position is re- 
ferred to certain other bodies called fixed stars. If at a certain 
season a particular star, or group of stars, be seen to rise about 
midnight at, or near, the eastern part of the horizon, at sunrise 

II. » 
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or 6 A.M. it will be seen at its highest elevation in the south, 
and on continuing to observe this group day after day, its 
elongation from the sun will appear to increase, so that in about 
three months it will be seen setting in the west as daylight 
begins. For several months after this it will be invisible just 
before sunrise, having set previously, but after an interval of 
about nine months from the first observation, it will appear near 
the east a little before the sun, and after the lapse of a year 
the group of stars will again be seen on the meridian as the day 
dawns. Other stars which rise in or near the east exhibit the 
same changes, and from this change in the sun’s position with 
respect to such stars, it may be inferred either that the stars have 
moved towards the west independently of their daily motion, or 
that the sun has moved eastward among the stars. This east- 
ward motion of the sun is of such a nature, therefore, that in the 
course of a year it is found to have made a complete circuit 
of the star sphere, its annual path being known as the ecliptic. 
(‘El. Phys.' 3 to and 312.) 

The fixed stars are those celestial objects that constantly 
keep the same position with respect to each other, and are by 
far the most numerous of the objects seen in the heavens. 
Many are visible to the naked eye every clear evening after the 
sun has set, and some of them, like the sun, appear to rise from 
below the plane of the horizon, and after a longer or shorter 
journey they again disappear below it. But, unlike the sun, 
they rise again time after time exactly at the same points of 
the horizon as before. Other bodies of this class never reach 
the horizon, but seem to move in a circular path round a fixed 
point in the heavens. This point is called the pole of the 
heavens, and is very near a well-known star called the Pole 
star. In fact, after watching the fixed stars for a few days, the 
whole celestial sphere seems to revolve round an axis daily’ the 
end of this axis being at a certain height above the horizon 
depending on the latitude of the observer ; and the axis itself 
passes through the position he occupies to a point below his 
horizon. During this revolution all the fixed stars move 
together, and keep the same distance from each other, just as 
if the celestial sphere were solid and they were set in it, so that 
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in the course of the day the stars appear to describe circles of 
different sizes, the centres of which are at the pole. If the 
observer change his station on the earth by travelling north- 
ward, he notices that the axis becomes more and more perpen- 
dicular to his horizon, while if he travel southward the angle of 
its inclination becomes smaller ; but in whatever position he 
may be the stars are seen to move over parallel circles on the 
visible concave in the same period of time. In the last chapter 
of our ‘ Elementary Physiography ’ there is an account of the 
apparent daily motion of these fixed stars, when the spectator 
is supposed to be at the Pole, the Equator, and at an intermediate 
latitude. At the Pole the diurnal circles are seen to be parallel 
to the horizon, at the Equator the circles are vertical, while in 
mid-latitudes the circles are oblique to the horizon. In each 
case, however, the axis about which the sphere of stars is seen 
to revolve passes through the earth perpendicular to the planes 
of the circular paths apparently described by them. The student 
will also carefully note that, however much we change our sta- 
tion on the earth, and so alter our horizon, the angular distances 
between the stars do not alter. This can only be accounted 
for by conceiving the whole earth to be a mere point compared 
with the distances of the stars. 

Besides the fixed stars there are several other bodies very 
similar in appearance to the naked eye, but possessing apparent 
motions differing greatly from those of the fixed stars. Though 
they rise and set daily, yet they do not keep the same relative 
positions among the other stars. Sometimes they seem, when 
watched for several days, to move among the fixed stars in the 
same direction as the sun ; at other times they seem to be 
going in an opposite direction, while they occasionally appear 
to be stationary. Hence these bodies have been called planets 
{Qt. planetesy a wanderer). Five of them, now called Mercury, 
Venus, Mars, Jupiter, and Saturn, have been noticed for 
thousands of years. These planets are not only distinguished 
from the fixed stars by their more complex movements, but 
also by showing, when seen through a telescope, a distinct 
circular disc, or portion of such disc, the size of which increases 
with the magnifying power of the instrument, while the fixed 
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stars appear as mere points of light.' As we shall afterwards 
learn, these planetary discs are due to their comparative nearness 
to all the fixed stars being at vastly greater distances than 
any of the planets. 

The moon also appears to have two very distinct motions . 
a daily motion of rising and setting, and an eastward motion 
among the fixed stars. If we notice the new moon, which 
appears as a crescent-shaped body just after sunset, before its 
light becomes bright enough to shut out that of the stars near 
it, its place among them may be distinctly seen. On the 
following night at the same hour it will seem to have been left 
behind by the stars, and to have sensibly increased its distance 
from them to the east. It will also be noticed that the moon 
rises, reaches its highest point, and sets from half an hour to an 
hour later each night, and that during its revolution it presents to 
us a number of different appearances, or phases, dependent on 
its position in relation to the sun. Its motion, in fact, is of 
such a nature that after the space of time we call a month it 


again occupies the same position with respect to the sun. 
Thus the sun, moon, and planets, in addition to their daily 
apparent motion, have separate motions of their own, which 
cause them to change their places among those glittering points 
known as fixed stars j but these fixed stars, known to be at 
vast distances from the earth, show no movement beyond that 
produced by the earth’s diurnal motion, and, keeping the same 
relative positions year after year, form a class of celestial 
bodies quite distinct from the other bodies of the universe. 

These are some of the phenomena which every intelligent 
observer has noticed while gazing at the heavens. But these 
motions are in general only apparent, and can be properly 
explained by referring them to a combination of various 


other motions. As we have proved in the last chapter of the 
‘Elementary Physiography,’ with the facts of which the reader 
is assumed to be acquainted, the apparent diurnal rising and 
setting of the heavenly bodies is due to a real daily rotation of 

like a stark a small disc surrounded by 
Is <llstinct from i 

planetary disc, and diminishes in size as the diameter of the objeot-elass of 
the telescope is increased, ^ a v* 
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the earth on its axis, while the varying lengths of day and night, 
the apparent eastward motion of the sun in the ecliptic, and the 
whole of the phenomena connected with the seasons "^ave 
been shown to be due to this daily rotation in conjunction with 
a yearly revolution round the sun, during which the earth’s axis 
of rotation maintains a constant angle of inclination to the 
plane of its orbit. The phenomena are the same, however, 
whether we suppose the earth to be at rest, and the starry 
sphere to turn daily, and the sun to revolve yearly, or whether 
we conceive of the motions as we really know them to exist. 

2. The Celestial Sphere. — It is usual in astronomy to regard 
the celestial sphere as of such dimensions that, on whatever 



Fig. t.— Section of the tmaginary Celestial Sphere, 

The observer at O, looking^ at the celestial bodies <», k, /, sees them 

projected along straight lines, so that their apparent places on the distant surface of 
the sphere are A, B, C, D, E, F, G, H, L 

part of the earth the observer may be at any time, he is prac- 
tically at the exact centre. The apparent positions of the 
heavenly bodies arc thus seen to be points on the sphere where 
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the lines drawn from the eye through the objects intersect the 
sphere. The apparent place of an object thus depends on itsdirec- 
tioh^only, irrespective of its distance. Fig. i will illustrate this. 

3. Dimensions on the Celestial Sphere, — Apparent distances 
and dimensions on the celestial sphere are not expressed in 
miles or other linear units, but in angular units. The common 
angular unit is the right angle. This is subdivided into degrees, 
minutes, and seconds.' But there is another angular unit that 
is sometimes employed, called a radian, A radian is the angle 
at the centre of a circle subtended by an arc equal in length 
to the radius of the circle. All radians are equal, and the 
magnitude of an angle may be expressed by the number of 
radians to which it is equal. This number is called the circular 
measure of the angle. Knowing that the circumference of a 
circle is 3*14159 times the diameter, we see that the arc of a 
semicircle which subtends an angle of 180° is 3*14159 times 
the radius. Dividing 180 by 3*14159 we see that a radian is 
equal to 57*3°, or 206265" nearly. If we speak of an angle 
whose circular measure is 2 7, we mean 2 7 radians. To express 

A 

n 

Fig. a. 

it in degrees we multiply 57-3® by 27. Thus we see how to 
pass from circular measure to rectangular measure, and vice 
versd. Not only may we speak of angular distances and 
dimensions as measured on arcs of the celestial sphere, but 
we may also speak of angular velocity, meaning the angle, 
either in degrees or radians, moved through in a certain unit of 
time. Thus we say that the angular velocity about the earth's 
axis is the same for all stars, as we know that they move through 
their own circles of rotation in the same time. What has just 
been said will enable us to show the relation that exists between 

* It will be useful for the reader to remember that the apparent diameter 
of the sun or moon is about half a degree, or 30' ; that the d&tance litween 
the pointers of the Great Bear is about 5® ? that the distance between the 
nearer pointer and the pole star is about 30®; and that the distance from 
the point overhead to the horizon is 90®. 
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the apparent size and the linear distance of an object. T^et a b 
represent the apparent semi-diameter of a distant object as seen 
from the point o. Knowing the angle ^ at o and the length 
of o A, we can determine the length of a b when the ratio of the 
length of A B to the distance o a is very small. Suppose a large 
circle to be described from o as centre through the point 
A or B, then the length of the chord of the small angle s will 
be practically the same as the length of the arc of the circle 
passing through these points. Now the angles subtended at 
the centre of a circle by arcs of its circumference are propor- 
tional to the lengths of those arcs, therefore a b must bear the 
same ratio to the distance o a that the angle s bears to the angle 
subtended by an arc equal to the radius o a. This latter angle 
is according to definition an angle of one radian, or 206265". 
Hence we have the proportion ab : oa::s : 206265. In the 
case of the moon o a is 239,000 miles, and the angle s is about 
15' 3", This gives the moon’s semi-diameter as 1,076 miles. 
Knowing then that the angle subtended at the centre of a circle 
by an arc equal to the radius contains 206,265", and that other 
angles are proportional to the arcs on which they stand (which 
arcs in the case of small angles may be taken as equal to the 
chord or straight line joining the extremities of the arc), we 
have the following : — 

the angular 

Semi-diameter . the distance semi-diameter : 206265", 
of a body in miles * in miles seconds 

or, calling the semi-diameter r and the distance d, 

n X angular semi-dia meter in seconds 

^ ~ 206,265 

If in fig. 2 we suppose o to be the centre of the sun or 
moon, and a b a radius of the earth, the lines o a and 0 b may 
be regarded as radii of the large circle described from centre o 
through these points. The small angle s is thus the angle which 
the semi-diameter of the earth subtends at the sun, and if ws 
know its value, then we see from the above that 
_ 206,26 5 X R 

angle s in seconds 

that is, the distance of a heavenly body is equal to 206,263 



g Advanced Physiography 

times the radius of the earth divided by the number of seconds 
in the angle which this base-line subtends at the heavenly body. 
Th?distance d may also be obtained when we know r and s, 

since the angle at a is a right angle, from the relation, sin r = 

This gives the distance o a or o b = R -f- sin r. ' 

4. Diurnal Rotation of the Star Sphere.-77^ 

Stars . — As we shall have to refer so often to the fixed stars it 
js advisable to make a few more remarks on these bodies before 

going further. ' 

By the aid of fig. 3. remembering that the eye of the 



Z' 

Fig. 3.— The Celestial Sphere. 


observer is regarded as being at the centre of the sphere, we 
may represent the daily rotation of the celestial sphere as it is 

^ A short explanation of some of the terms used in trigonometry will be 
found in the Appendix. 
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observed in the latitude of London. An observer at o in the 
latitude of London sees above him the hemispherical dome 
represented in the upper half of fig. 3, eswn represftiting 
the plane of his horizon extended so as to cut the celestial 
sphere at these points, z represents the spectator’s zenith, and 
z' his nadir in the hemisphere below the horizon. The line pp', 
passing through the observer’s position o, is the axis round 
which the celestial sphere seems to turn. A star rising at e, 
midway between the north and south points of the horizon, 
ascends at a uniform rate in about six hours to its highest 
point or culmination m, on the arc s z, passes thence in the 
same time to w, where it sets, only to rise again at e the next 
day. If a star rises at /its diurnal course above the horizon 
is smaller, and the time during which it is visible is shorter. It 
culminates at Stars rising anywhere on the arc en cul- 
minate somewhere on the arc between m and n', remain above 
the horizon more than twelve hours, and set just as far to the 
west of the north point as they rose to the east of it. Other 
stars passing from a point on the arc n p make a complete 
circuit every day above the horizon around the pole p, and 
these stars, the whole of whose diurnal circle is performed 
above the horizon, are known as drcumpolar stars. We cannot 
follow the course of the stars during the whole of their daily 
journey with the naked eye owing to the bright light of the 
sun overpowering their light in the daytime, but by keeping 
up our watch every clear night in the year we may see them 
in all parts of their course, and with a powerful telescope, 
properly set up as afterwards described, the daily rotation of 
many of the stars can be followed throughout the whole course. 
Whatever be the course described by any star, it must be noted 
that its apparent motion is quite uniform, the complete circuits, 
whether long or short, being all performed in the same time, 
due to the equable rotation of the earth on its axis. 

5. Timeof Eotatioa of the Stax Sphere.-— If we carefully note the exact 
time at which a star rises, or at which it occupies a certain position in the 
sky, we shall 6nd that it comes to the same position in the sky a little 
earlier on the following evening. Hence, if a telescope be pointed to a star, 
and the exact time at which the star passes the central wire be noted, the 
telescope having been left fixed in its position, the same star will arrive 
again on the central wire in 23 h. $6 min, 4 sec. of solar time. This interval. 
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during which the star-sphere performs one complete revolution, is really the 
time in which the axial rotation of the earth is performed, and is called a 
sidereal day (par. 300, ‘Elementary Physiography’). Owing to the 
earth's annual motion in its orbit round the sun, it takes the earth a little 
longer to come into two successive similar positions relative to the sun than 
for two relative to the same fixed star. As a consequence of this difference 
in length between the sidereal day and the mean solar day used^ for 
reckoning civil time, we easily understand that, by looking at the sky night 
after night, we see a continuation of the same kind of change that is 
observed during the progress of any one night. In the course of about 
fifteen days the stars seen in a certain position at any given hour at the 
beginning of this period will be about 15° to the west, having advanced 
westward one hour’s motion. In about a month they will be two hours’ 
motion further west ; in six months the attitude of the earth with respect 
to the stars at midnight is the same as it was at noon six months previously ; 
at the end of a year they will have made a complete revolution— in fact, 
the star sphere will have made 366 revolutions in 365 days. Bearing this 
in mind, we shall know what changes to expect in the positions of the stars 
as the year progresses. A star, or group of stars, that rises in the east 
and is seen in the south at ten o’clock P.M. at the beginning of December, 
will have to be looked for in the S.S.W. about the middle of January at the 
same hour. Other stars will have made a corresponding advance— an ad- 
vance equal to that made in their circle of daily rotation in about three hours. 

6. Magnitude and Number of Fixed Stars.— One of the 
most marked features of the fixed stars is their different degree 
of brightness. The word ‘ magnitude ^ is used in this connection 
to denote the different orders of stars. Twenty of the brightest 
stars are said to be of the first magnitude. Of these Sirius is 
the brightest of all. Next in order come stars of the second 
magnitude, of which there are about sixty-five. Following these 
we have stars of the third magnitude, stars of the fourth mag- 
nitude, and so on. Few people can detect stars beyond the 
sixth magnitude with the naked eye; but the telescope reveals 
stars so faint that they are spoken of as being of the sixteenth 
magnitude. The total number of stars visible to the naked 
eye is about 6,000, and, as we can only see one-half of the sky 
at once, the greatest number visible at any one time on a clear 
night is about 3,000. But, by the aid of the most powerful 
telescopes, the number visible exceeds 50,000,000. Even this 
number is greatly increased by the aid of photography, as rays 
of light from stars, too faint even to be seen in the telescope, 
can by long exposure of a sensitive chemical film make theii 
existence evident. It is worthy of note that the number ol 
stars of each magnitude increases as their brightness becomes 
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fainter, there being as many as 142,000 stars of the ninth 
magnitude, while from the first’ to the sixth magnitude there are 
only about 6,000. ^ 

7. Constellations. — Another feature of the fixed stars, that 
seems to have impressed itself on the minds of the ancients, is 
the resemblance to the figures of animals and other objects, ^^that 
are supposed to be formed by the groups of stars in the various 
parts of the heavens. Many of these figures are absurdly fanciful, 
yet the astronomer has found it convenient to retain the names 
of these groups in order to mark out the different regions of the 
heavens. These artificial groups are spoken of as constellatmis. 
Thus we speak of the constellation Ursa Major (the Great 
Bear), Corona Borealis (the Northern Crown), Cancer (the 
Crab), Cassiopeia, Orion, &c. The stars of each constellation are 
distinguished by the letters of the Greek alphabet, the brightest 
star of each constellation having the letter a (alpha) prefixed, 
the next brightest has the letter (beta), the next brightest y 
(gamma), and so on to the end of the alphabet. For the sake 
of those unacquainted with the Greek, the letters of this alpha- 
bet with their names are given in the Appendix. 

When the Greek alphabet has been exhausted, the other stars of a con- 
stellation have Latin letters or a number prefixed. Besides the above 
mode of distinguishing stars, all the brightest stars are known by special 
names (some of which are said to be of Arabic origin,) as Aldtbaran, Vega, 
Arcturus, Sirius, &c. In this way many stars have two names : thus, 
a Tauri (Aldebaran) ; a Urste Minoris (Polaris) ; 7 Pegasi (Algenib), &c. 
In addition to the above methods, which would fail for the thousands of 
smaller stars, catalogues of stars have been published, and it is customary 
to refer to them by the number in the catalogue. Thus^ there are the 
catalogues of Argelander, of Lalande, the British Association Catalogue, 
and numerous others. The reference 4 , 35 ^ B,A.C. or 19,746 LI. refers 
to the stars so numbered in their respective lists, where information 
about the position of these stars will be obtained. The names and re- 
lative positions of the chief constellations may be learnt by a few nights^ 
observation of the heavens at different parts of the year, if the learner 
will seek the aid of a celestial globe or a good star-atlas. A few hints 
are all that can be given here. The reader will bear in mind frona what 
has been previously said that the positions occupied by the constellations at 
stated hours will vary during each month of the year. The position of the 
Pole star may be ascertained after recognising the constellation of Ursa 
Major or the Plough, the seven principal stars of which may he seen in the 
northern part of the sky on any clear night. Two stars of this group are 
known as the ‘ Pointers,’ as they always point very nearly to the^ Pole star. 
If the reader look for it at nine o’clock on any clear night, he will see it in 
various positions depending on the time of the year, and if he continue his 
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observation for a few nights, its it to 

will be very apparent. Thus, m January '^^nd in April 

the^ast of north with the Pointers highest, but 

and May it will be north of the zenith. In three October and 

to the Lst of north, with the Pointers wh 'e 

November it is seen at this hour just above the northern honzo 
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(the Pole star) is a star of the second m^itude, and is the ^rightesutar m 
Ihe constellation Ursa Minor. It is situated at ^ °f 

K. s pole of the celes- 

"Pole Star tial sphere, the 
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Fig. 5. 


true pole being at 
the centre of the 
small circle de- 
scribed by the Pole 
star. 

On the side of 
the Pole star op]?o- 
site to Ursa Major 
is another well- 
known CTOup of 
circumpolar stars, 
five of which form 
something like a 
W. This constel- 
lation is known as 
Cassiopeia, Other 
circumpolar con- 
stellations lying 
within the area of 
fig. 4, but not 
shown, are Ce- 
They may be found by 


pheus, Draco (the Dragon), and Camelopard. — ^ ^ ^ „ 

comparing a star-map with the heavens. A line drawn from the Pole star 
through i8 of Cassiopeia and produced far again reaches Alpheratz m 
Andromeda, one of a large square. This star only sets for a short time. 
The three other stars of the square belong to the constellation Pegasus, ^ 
Another line drawn through the last two stars in the tail of Ursa Major 
passes about 30° south of them through Arcturus, ct Bootis. This is the 
brightest star in the northern hemisphere. Vega (a Lyrse) is the second 
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brightest star, and may be recognised as the vertex of a large right-angled 
triangle formed on the line joining Polaris and Arclurus. The brightest 
star in the constellation Perseus is of the second magnitude, and forms the 
central star of a curve called the arc of Perseus. A line drawn ^om 
a Andromedee through jS and 7 of the same constellation terminates near 
a Persei. The three stars of Perseus that form the arc will be seen 
from the figure. On producing this arc it passes through a star of the 
first magnitude called Capella, in the constellation Auriga. On the con- 
vex side of the arc lies the remarkable star, j3 Persei, known as Algol, 
while not far from this lies a well-known cluster of stars called the Pleiades. 
To the left of this group lies another cluster of stars called the Hyades, in 
which is seen a first-magnitude star of ruddy hue known as Aldebaran 
(a Tauri). From Aldebaran the fine constellation of Orion is easily found to 
the south-east. This constellation when at its highest point is seen about 
40° above the horizon in our latitudes. This occurs in the middle oi 
December about midnight, in the middle of January about ten o^clockP.M., 
in the middle of February about eight o’clock P.M., and so on through the 
year. The contour of Orion is marked by four bright stars, forming an 
irregular quadrilateral, the two brightest, Betelgeuse (a Orionis) and Rigel 
{$ Orionis), being respectively at the north-east and south-west corners. 
Near the centre of the quadrilateral are three stars that form the belt of 
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Orion; these point upwards to Aldebaran, already mentioned, and down- 
wards to the brightest star in the heavens, Sirius. This, with a few other 
stars of small magnitude, forms the constellation of Canis Major. Procyon (a 
Canis Minoris), another first magnitude star, is about 25° east of Betelgeuse, 
and forms with Sirius and Betelgeuse almost an equilateral triangle. With 
these few hints and the help of a celestial globe or a star-atlas, the student 
may gradually become acquainted with the chief constellations and their 
principal stars, A planisphere is also very helpful in learning the relative 
positions of the stars, and in finding their positions on the concave sphere 
at a given hour on each day of the month. When using a celestial globe 
the reader must remember that we are looking at the stars from the out- 
side of it, whereas we are really situated at the centre. Consequently the 
position of the stars is reversed, so that of two stars, for example, the one 
that is to left of the other on the celestial globe will be seen to the right 
on looking at the heavens. Before using the globe it must be rectified. 
Its axis must be made parallel with the axis of the earth by elevating the 
Pole to correspond with the latitude of the place, by seeing that the brass 
meridian is in a true north and south direction, and by making the wooden 
horizon truly horizontal. Then on turning it on the poles of the equator 
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from east to west we shall re 
present the apparent daily ro- 
tation of the heavenly bodies, 
and shall easily see what por- 
tion of the diurnal circle of 
any star is above the horizon 
and what portion below it. In 
. star-maps the position of the 
stars is laid down as we actu- 
ally see them from the earth. 
Fig. 8 is a star-map showing a 
zone or belt of the celestial 
sphere 40° on each side of the 
equator, spread out on a flat 
surface. It is reduced from one 
given in Jeans’s * Handbook of 
the Stars.’ The dotted lines 
are merely lines of direction 
to help in finding the relative 
positions of the various stars. 

8. The Sphere. — A 
sphere is a body whose 
surface is such that every 
point upon it is equidistant 
from a point in the interior 
called the centre. It may 
be regarded as generated 
by the revolution of a 
circle about its diameter. 
The diameter about which 
it turns is called its axis, 
and the ends of the axis 
are the poles of the sphere. 
All the radii of a sphere 
are equal, and a diameter 
is twice a radius. If a sec- 
tion be made by a plane 
passing through the centre, 
it cuts the surface of the 
sphere in a circle, which 
is called z. great circle. Any 
number of great circles 
may be supposed to be 
drawn on the surface of a 
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sphere, and any two will bisect each other. Thus in fig. 3 
SENW and mem'w and pm'p'm are three great circles of 
the celestial sphere, each pair bisecting one another — the 
first pair at E and w. All great circles of a sphere are e^Jual, 
and the terms ‘ primary ^ and ‘ secondary ’ are names given to 
any two great circles of a sphere whose planes are at right angles 
to each other. The poles of a circle are those two points in 
which a straight line perpendicular to its plane at the centre 
intersects the sphere. Any section of a sphere made by a 
plane which does not pass through the centre cuts the surface 
of a sphere in what is called a small circle. The distance 
between two points on the surface of a sphere is the length of 
the arc of the great circle passing through them, and is usually 
measured by the angle which the arc subtends at the centre of 
the sphere, so that the angle is often called the angular distance 
between the extremities of the arc. Distance on the arc of a 
great circle is the shortest distance between any two points on 
the surface of a sphere. 


A spherical angle is the angle made by two great circles, and 
may be expressed by the planes of the two great circles. If 
three points, a b c, be taken on the surface of a sphere, then 


the arcs of the three great circles that 
pass through them form a spherical 
triangle. In the spherical triangle a b c, 
fig. 9, the arcs a b, b c, c a are mea- 
sured by the angles a 0 b, b o c, c o a. 
The angles formed by the intersection 
of the arcs are also the angles con- 
tained by the planes a 0 b, b o c, c o a. 
Thus the spherical triangle has six 
parts, but all the six quantities involved 
in its consideration are angular mag- 
nitudes, a side of a spherical triangle 



0 

Fig. 9. 


being the angle formed at the centre of a sphere by two straight 
lines of a solid angle, and the angle of a spherical triangle being 


the angle made by the two planes of a solid angle. Any two 


sides of a spherical triangle are greater than the third side, and 


the sum of the three sides is always less than 360°. In a plane 
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triangle the three angles are together equal to two right angles, 
but in a spherical triangle the three angles always exceed i8o° 
but ^e less than 540®. 

9. How to Define the Position of the Stars. — In speaking of 
the position of a heavenly body we do not now refer to its actual 
position in space, to define which we must know its distance 
measured in miles from the earth, but of its position on the 
concave surface of the heavens, in reference to certain fixed 
points on imaginary great circles, and measured by arcs of such 
circles. There are three systems of great circles on the celestial 
sphere, sometimes spoken of as spherical rectangular co-ordi- 
nates, as each system consists of two great circles of the sjjhere 
at right angles to each other. These may be called the Hori- 
zontal System, the Equinoctial System, and the Ecliptic System, 
The first of these with reference to the horizon will now be de- 
scribed, but as this changes from hour to hour and from place 
to place, other methods will also be needed which will be of 
use at any station and at any time. It will be seen that the 
last two methods fulfil this requirement. 

10. First Hethod of Defiaiag the Fositioa of a Heavenly Body.— 
Altitude and Azimuth. —As already mentioned, it is often useful to describe 
the position occupied by a celestial body at a given place and at a given 
time. In this system the objects are referred to the horizon as the fun- 
darnental plane, and in the northern hemisphere the south point of the 
horizon is the point of origin. The astronomical or rational horizon is a 
great circle of the celestial sphere, the plane of which passes through the 
centre of the earth. The physical or sensible horizon is the circle of tlie 
celestial sphere the plane of which passes through the observer. But at 
the immense distance of the celestial sphere these two parallel planes pass 
into one great circle, the horizon as defined above.* The zenith is the 


‘ The word horizon is also used to denote the boundary line where 
the sky appears to meet the land or sea. This boundary line is often 
called the msible horizon. If the spectator’s eye be supposed at the water- 
level, the horizon would be the great circle of the heavens whose plane 
touches the earth at the position of the spectator ; but 
if the observer’s he elevated above the surface cA 
the earth, the visible horizon is a small circle de- 
pressed below this great circle. The amount of this 
depression is called the dip of the horizon. In the 
fig. D A is the height of the observer measured on the 
line passing through the earth’s centre, E j A V the 
horizontal line from A; and ab a tangent to the 

B would mnri- t horizontal circle passing through 

B would mark out the visible honzon. The angle fab is the dm of the 
homon, and a b its distance. By Euclid 111.^36 it can be shown tto 
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point of the celestial sphere directly overhead, or the point where a plumb- 
line produced upward would meet the sky. It is thus determined at each 
place by the direction of gravity. The nadir is the point of the ceijstial 
sphere directly under foot opposite the zenith. Thus the zenith and the 
nadir are the poles of the horizon. Veriical circles are great circles which 
pass through the zenith and the nadir, and are therefore perpendicular to 
the horizon. 

Parallels of altitude are small circles parallel to the horizon. 

The prime vertical is the vertical circle that passes through the east 
and west points of the horizon. 

The celestial meridian is the great circle passing through the zenith 
and the poles of the celestial sphere. Its intersection with the horizon 
marks the north and south points of the horizon, and its plane is perpen- 
dicular to the plane of the prime vertical. 

The altitude of a heavenly body is its elevation above the horizon 
measured on the arc of the vertical circle passing through the body. It 
may also be measured by the angle which this arc subtends at the centre 
of the horizon. (See fig. ii.) 


z 



O, the observer’s position. A R T, a parallel of altitude. 

Z, the zenith. P, the pole. Z R M, arc of star’s vertical circle. 

S E N W, the horizon. Arc S M, or angle S Z M, star's azimuth. 

SZ P N, the meridian. Arc M R, or angle subtended by it at O, 

EZW, the prime vertical. . . star^ altitude. 

M Z, I Z, F Z, arcs of other vertical circles. Arc R Z, star s zenith distance. 

R, a star’s position. 

The zenith distance of a body is its angular distance from the zenith, 
and is therefore the complement of the altitude. Altitude + zenith dis- 
tance ~ 90°, 

As a star approaches the meridian its zenith distance diminishes, and a 
<tar attains its greatest altitude on the meridian, when it is said to culmi- 
'nate. When a star has reached the meridian one half of its visible path 

the distance of the visible horizon in miles is equal to the square root of 
^e height of the eye in feet added to its half^ _ 

Distance (in miles) -5 A (in feet). 

Also, Dip (in minutes of arc) ^ d h {m feet), 

n. 
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is accomplished, and the passage of a heavenly body over the meridian is 
called its bamiU A circunipolar star — Le. one whose whole diurnal circle 
is a^ipve the horizon— has an upper and a lower culmination, and the half 
sum of these two altitudes gives the latitude of the place. 

The azimuth of a body is the arc of the hoiizon intercepted between 
the south point of the horizon and the foot of the vertical circle passing 
through the body. It may also be defined as the angle at the zenith be- 
tween the celestial meridian and the vertical circle passing through the body. 

The a??tplitttde of a heavenly body is the angular distance of its rising 
point from the east and of its setting point from the west, measured along 
the horizon, or measured by the angle which this arc subtends at the 
observer's position in the centre of the horizon. The amplitude of the 
fixed stars remains the same throughout the year, but the sun’s amplitude 
varies during the year. It is nothing at the equinoxes, and about 40® at 
the solstices for ou r latitude. Most of the foregoing definitions are illustrated 
by the annexed figure. 

As an illustration of the use of these terms we may be required to point 
out the position of a star whose azimuth is 60° and whose altitude is 45^. 
Reckoning from the south point eastward, as usual in the northern hemi- 
sphere, we proceed two-tliirds of the distance towards the east for its azimuth, 
and then look up half-way to the zenith. An object in the north-west, by 
reckoning again from the south point through the east, will have an azimuth 
of 225°, and one in the south-west an azimuth of 315°. A star on the 
line z s has azimuth 0 °, and all stars on z N have azimuth iSo®. If we 
require to find a star whose azimuth is 270® and altitude 60®, we locate it 
on the arc z w at a distance of two-thir^ from the horizon, or one-third 
from the zenith, as its zenith distance must be 30°. 

I I. Second Method of Defining the Position of a Heavenly Body, — 
Declination and Right Ascension , — By referring the places of the heavenly 
bodies to the Celestial Equator as the fundamental plane instead of the 
horizon, we obtain elements independent of the observer’s position, and, 
as far as the fixed stars are concerned, independent of the time (except a 
very small change to be explained hereafter), 

celestial poles are the points where the earth’s axis of rotation, pro- 
longed indefinitely, would meet the celestial sphere. Any line from a point 
on the earth at any part of its orbit, parallel to this axis, vanishes at the 
same points at the infinite distance of this sphere. The celestial equator or 
equinoctial is the great circle of the celestial sphere 90® from each celestial 
pole. It may also be r^arded as the great circle in which the plane of the 
ear^ s equator cuts the celesti^ sphere. At its highest point it is just ns 
far below the zenith as the pole is above the horizon, and it cuts the horizon 
at the east and west points. 

The declination of a heavenly body is its distance from the Equator 
measured on the arc of a great circle passing through the body and the pole. 

It IS reckoned positive ( -h ) north of the Equator and negative ( — ) south of 
It. Circles of declination are great circles passing through the poles of the 
heavens, and consequently at right angles to the Equator. They are better 
c^Ied hmr^ circles, and correspond to the meridians of the earth. But 
meridians must not be confused with the meridian already 
denned, Farallels of declination are small circles parallel to the celestial 


at the pole between tht meridian 
md the hour circle passing through the star. It is often expressed in hours, 
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minutes, and seconds of time, one hour being equal to 15°, and one minute 
and second of lime being respectively equal to 15' and 15'^ of arc. In con- 
sequence of the earth’s daily rotation, the hour angle of a star vari^ at a 
uniform rate. It expresses the time which the star will need to reach the 
meridian if on the east side of it, and the time that has passed since it 
crossed the meridian if on the west side of it. 

The polar distance of a star is the arc of the hour circle between the 
star and the pole. Declination + polar distance = 90°. (See fig. 12.) 

The right ascension of a star is the arc of the equator intercejited 
between a certain point of the equator called ‘ the first point of Aries ’ 
and the star’s hour circle ; or, by taking the equivalent of this arc, 
right ascension may be defined as the angle at the pole between the 
star’s hour circle and the hour circle passing through the first point of 
Aries. It is always reckoned towards the east, through a whole circum- 
ference if necessary ; and, as it is usually expressed in lime, it may be of 
any irtagnituJe from o h. to 24 h. Right ascension is commonly abbrevi- 
ated thus, R.A. 

The first point of Aries is that point on the equator where the sun 
crosses it in spring. As already explained in the ‘ Elementary Physiography,’ 
ipar. 300, the ecliptic is the great circle in which the plane of the earth’s 
yearly orbit round the sun cuts the celestial sphere. This g^eat circle is 
inclined to the celestial equator, the angle between the ecliptic and the 
equator being spoken of as the obliquity of the ecliptic. This angle has a 
value of about 23° 27'. It is in consequence of the inclination of these 
two great circles to each other that the ecliptic cuts the equator or 
j.quinociial line in two opposite points 5 the point where the tw’o cut when 
the sun pas-es from south to north is called^ the first point of Aries^ or 
the Vernal Equinox, while the other point of intersection is called first 
point op jLiCrUi or Autumnal Equinox. The hour circle passing through 
these two points is called the Equinoctial Cohtre, The solstitial points are 
the two opposite points of the ecliptic which are 90°distant from each of the 
equinoctial points, and the hour circle passing through them is called the 
Solsiitial Colure, On June 21 the sun Is at the summer solstice, and about 
December 21 at the winter solstice. (‘ El. Phys.’ 306.) Like other fixed 
points of the heavens the points above mentioned partake of the daily 
rotation of the sky, and transit the meridian at different times, depending 
on the period of the year. 

Sidereal time depends on the position in the sky of the vernal equinox, 
and may be defined as ^ the number of sidereal hours, minutes, &c,, since 
the last preceding transit of the first point of Aries. ’ As already explained, 
a sidereal day is the interval between two consecutive meridian passages of 
any one star, and this, owing to the sun’s ea.stward motion among the stars 
consequent on the earth’s yearly revolution, is a shorter interval than that 
between two consecutive meridian passages of the centre of the sun. 
Hence a sidereal day is nearly four minutes shorter than a solar day, its 
exact length being 23 h. 56 m. 3*6 s. of mean solar time. Thus there are 
3664- sidereal clays in the year, and only 3651- solar days. The sidereal 
day is considered to begin w'hen the first point of Aries is on the meridian of 
the place of observation, and the sidereal clock, keeping sidereal time, is 
so adjusted as to indicate twenty-four hours for the interval betw’een two 
fucceshixe transits of >his point — i,e, during one complete rotation of the 
earth. (An ordinary clock keeps mean solar time.) Hence the beginning of 
the sidereal day does not correspond to any particular hour of meantime, but 
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during the year it passes through all the hours of the civil day. ' The side* 
real clock marks o h. o m. o s. when the vernal equinox is on the rneri- 
diau%f the observer, two o'clock when the hour angle of the vernal equinox 
has moved owing to the earth’s rotation through 30°, twenty-one o’clock when 
it has moved through 31 5°. We thus see that the sidereal time at any instant 
is equal to the distance expressed in time of the first point of Aries west- 
ward of the meridian, which is also equal to the R. A. of the point of the 
celestial sphere then passing the meridian. As the R.A. of the first point 
of Aries is 0°, the R. A. of a star when given in time always expresses the 
sidereal time of its passage over the meridian. 

By means of the annexed figure most of the definitions in 
the two preceding paragraphs receive illustration. 


z 
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0, observer’s posTtion. 

S E N W, the horizon. 

Z, zenith. P, pole. 

R, position of a star when obsefyed. 
ABA', position of star’s diurnal circle. 
E Q W, the equator. 

O r, the polar axis. 

S Z P N , the meridian . P G, hour circle. 
L R Z, arc of star's vertical circle. 


EZ W, prime vertical. 

L R, star’s altitude. 

Z R, star’s zenith distance. 

Angle S Z L, or arc S L, star’s azimuth, 
r, first point of Aries. 

Arc G R, star’s declination. 

Arc R P, star’s north polar distance. 
Angle R P S, star’s hour angle. 

Arc r G, star’s right ascension. 


12, Third Method of Defining the Tosition of a Heavenly Body, — Cd/dj- 
tial Latitude and Lon^tude,—T\\\% is the method often used in referring 
to the position of the planets. The student will have noticed already that 
the terms declination and right ascension correspond to the terms lati- 
tude and longitude used in speaking of the position of places on the 
earth s surface, as in both cases the equator of the sphere in question is 
the p^idve circle by which the above elements are measured. But in 
speak^ of celestial latitude and longitude it must be carefully noted that 
the ecliptic is the circle of origin. 

1VT * point of Aries comes on the meridian about noon on 

March 22. Next day, however, this point tran.sits nearly four minutes 
before the sun ; on March 29, 7 x 4=28 minutes before the sun. In this 
way the approximate sidereal time at mean noon on any date may be ob- 
tained. On September 21 it is about 12 h, sidereal time at noon. 
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Celestial latitude is the angular distance of a oudy from the ecliptic 
measured on the arc of the great circle passing through the body and the 
pole of the ecliptic. 

Celestial longitude is the arc of the ecliptic between the vernal equinox 
and the circle of celestial latitude passing through the place of the 
heavenly body. It is always measured eastward through a whole circum- 
ference of 360®. 

The latitude and longitude of a heavenly body therefore bear to the 
ecliptic the same relations which the declination and right ascension bear 
to the equator. By means of trigonometrical calculation the one set of 
co-ordinates can be easily converted into the other. The annexed figure 
shows the relation between the two methods of defining the positio^ of 
objects in reference to the two fixed circles of the celestial sphere. 

The reader should endeavour to trace out in the sky the paths of the 
equator, ecliptic, and other imaginary circles. The equator occupies a 
fixed position in the heavens, and maybe traced by fixing three of its points, 



Fig. 13. 

a’ 1* • position of a star. 

A w ^ w A a, right ascension of star, 

A £ C E, equator, <*0. declination of star. 

K, pole of ecliptic. A b, longitude of star. 

P, pole of equator. i latitude of star. 

* A, first point of Aries. Angle B A E, obliquity of ecliptic, or 

V, nrst point of Libra. its inclination to the equator. 

tEe east point, the west point, and a point in the south, at a distance from 
the zenith equal to the latitude. It is 90® from the pole, one half being 
above the horizon, the other half below towards the north, all parts of it 
rising daily in the east and setting in the west. At the equinoxes it is 
traced out by the daily path of the sun on those two days. The path of 
the ecliptic is not so readily imagined, as it is constantly shifting, different 
parts of it being on the meridian at noon or midnight at different parts of 
the year. The sun*$ yearly path is on the ecliptic, and the motions of the 
planets take place nearljr in the same great circle. It can be most easily 
found at night by learning the conspicuous stars that are near it. (See 
fig. S.) 

13. The Zodiac. — The zodiac is a zone or belt of the celestial 
sphere, extending about 8® on each side of the ecliptic. It wag 
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so called because the constellations within iliis region are often 
represented on celestial charts and globes by the imaginary 
figures of animals (Gr. zodion, an animal). Within tliis zone 
the apparent motions of the sun, moon, and all the greater 
planets are confined. The ecliptic passes through the centre 
of the zodiac, and, like it, is bisected by the equator. The 
zodiac, like the ecliptic, is divided into twelve equal parts of 
30® each called stgiSj and these are designated by the names 
of the constellations with the places of which they once cor- 
responded. They are : Aries, Taurus, Gemini, Cancer, Leo, 
Virgo, Libra, Scorpio, Sagittarius, Capricornus, Aquarius, and 
Pisces. These signs are counted from the vernal equinox, 
where the sun intersects the equator at the beginning of spring 
in the northern hemisphere. Owing to a slow backward move- 
ment of the equinoctial points, to be afterwards explained, the 


sun now enters the sign Aries about a month before it enters 
the consiellailon Aries, Hence the signs of the ecliptic are 
about one place ahead of the.correspondmg constellations of the 
zodiac, and on this account it is necessary to distinguish be- 
tween the signs oi the zodiac and the constellations of the zodiac, 
which keep a fixed place on the celestial sphere. Appended 
is a list of the signs with their symbols and the meaning of their 
Latin names, the first six being those north of the equator and 
the last six those south of it (see ‘ Elem. Phys.,' par. 31 1). 

The northern signs, with their distance from the vernal 
equinox or first point of Aries, are 


1. r Aries (the ram) 

2. B Taurus (the bull) . 

3. a Gemini (the twins) . 
4* s5 Ckneer (the crab) . 
5 * G Leo (the lion) 

< 5 . Virgo (the virgin) . 


O® to 30®. 
30® to 60®. 
60® to 90®, 
90® to 120®. 
120® to 150®, 
150® to 180®, 


The southern signs are : — 


7 * :0s Libra (the balance) 

S. Tu Scoipio (the scorpion) 

9 - t Sagittarius (the archer) . 

10. vf Capricornus (the goat) . 

11. Aquarius (the waterman). ] 

12. Pisces (the fishes) . . 

The svm enters the sign Aries at the 


iSo® to 210®. 

210® to 240®. 

240® to 270®. 

270® to 300®. 

30b® to 330®, 

330® to 360®. 

time of thti vorna} 
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equinox, March 22. and about a month later it enters the 
second sign, Taurus, and so on. On June 21 it will feve 
attained its greatest northern declination, 23^° N., and its right 
cension will be about 90°, or, expressed in time, six hours, 
hree months later, when its daily motion is on the equator. 
Its decimation will be zero and its R.A. 180°, or twelve hours, 
inus, a little consideration will enable the student to give 
approximately the declination and R.A. of the sun on any day 
of the year. The exact value of these co-ordinates will be 



found on the first page of each month in the ‘Nautical Almanac.’ 
The sun’s yearly motion through the fixed stars in the signs of 
the zodiac is illustrated in fig. 14. This motion is a result of 
the earth’s yearly motion in its orbit. When the earth is at a 
the sun appears projected on the distant celestial sphere in the 
sign Aries, r ; a month later it has begun to enter the sign 
Taurus,^ 8 ; after a lapse of another month it is at the beginning 
of the sign Gemini] and when the earth is at b the sun appears 
in the sign Cancer, and so on. Thus the sun always appears 
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to be in the opposite point of the heavens to that of the earth, 
and^separated from it by i8o° of longitude. It appears to 
describe a yearly circuit among the stars, its eastward advance 
or motion in right ascension being caused by the onward 
motion of the earth in its orbit, and its varying mid>day height, 
or motion in declination, being due to the fact that the plane 
of the terrestrial equator extended to the heavens cuts the 
plane of the earth^s annual orbit at two opposite points, forming 
with it an angle of 23!°. The two points where the celestial 
equator and the ecliptic intersect are the equinoctial points ; 
and when the earth is at these points the plane of the terrestrial 
equator meets the sun, so that the circle of illumination just 
reaches from pole to pole. When the earth is at other points 
of its orbit, the circle of illumination reaches beyond one pole, 
and falls short of the other by an amount varying up to 23^°. 
The two points in the ecliptic midway between the equinoxes 
are called the Solstices^ because the sun there stands still in 
declination, and begins to move towards the equator again. 
Two circles drawn through the solstices parallel to the celestial 
equator are known as the Tropics. A full account of the 
phenomena of the seasons is given in the Elementary Physio- 
graphy. 


CHAPTER II. 

GENERAL SURVEY OF THE SOLAR SYSTEM. 

14. Meaning of Solar System. — The solar system consi.sts 
of the sun and all those heavenly bodies whose motions are 
controlled by its gravitation, viz. the planets with their satellites, 
the comets, and certain of the bodies called meteors. As it was 
Copernicus who first showed that the sun is really the centre 
round which the planets revolve, and that the earth itself is a 
planet with a daily rotation on its axis, and a yearly motion 
round the sun with its axis constantly parallel, the system is 
sometimes spoken of as the Copemican system. But it was 
Newton who was the first to explain all these celestial motions 
by the law of universal gravitation, the centre of gravity of the 
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whole system, and not the sun’s centre, being the real point 
round which the planets revolve. Owing to the enormously 
preponderating mass of the sun, this point is, however, at a 
comparatively small distance from the sun’s centre. He also 
proved mathematically that the orbits or paths of the planets 
are ellipses with the sun occupying one focus. In the more 
ancient systems of astronomy, such as that of Ptolemy, the 
earth was regarded as fixed in the centre, and the heavenly 
bodies were looked upon as set in a number of surrounding 
transparent crystalline spheres. In the outermost sphere were 
set the fixed stars, while each of the seven planets had its own 
transparent sphere \ the sun, then regarded as a planet, being 
supposed to revolve between Venus and Mars. The rolling of 
these crystal spheres produced a refined ‘ music of the spheres ’ 
heard only by immortal ears. To account for the apparent 
motions of some of the planets, they were supposed to move in 
a small circle, or epicychy the centre of which was carried uni- 
formly along the circumference of a large circle, the centre of 
which was occupied by the earth. But the need for these 
epicycles of Ptolemy disappeared when the sun came to be 
looked upon as the centre of the planetary motions. 

15. Members of the Solar System.— The following celestial 
bodies constitute the solar system : — (i) The enormous body 
called the Sun situated near the centre. (2) Eight large planets 
arranged as follows, in the order of distance from the sun, the 
first being the nearest, viz. : Mercury, Venus, Earth, Mars, 
Jupiter, Saturn, Uranus, Neptune. A ninth planet called 
Vulcan has been suspected to revolve nearer to the sun than 
Mercury, but no satisfactory proof of its existence has been 
given. Each of these primary planets, except Mercury and 
Venus, has one or more satellites or moons revolving round it 
and accompanying it in its revolution round the sun. (3) A 
number of small planets or planetoids revolving at various 
distances between the orbits of Mars and Jupiter. Up to the 
end of 1896 the number of these minor planets known was 
400. Ceres, Pallas, Juno, and Vesta were the first to be dis- 
covered. (4) An unknown number of comets, bodies which 
move round the sun in orbits of extremely elongated form and 
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of almost all degrees of inclination to the ecliptic. Many of 
thei]^ exhibit the well-known nucleus and tail when sufficiently 
near to be visible* {5) A vast number of meteors, bodies 
travelling, for the most part, in swarms over elliptic orbits and 
closely associated with the comets. Some of these passing 
through our atmosphere are seen as ‘ falling stars.’ Before 
describing the various members of the solar system in detail 
we propose in this chapter to take a general view, and to point 
out certain relations among the various members. 

t6. Orbits of the Planets.— The planets are dark globular 
bodies shining like the earth by reflected sunlight, and revolving 
at various distances round the sun in elliptical orbits, of which 
the sun occupies one focus. But the elliptical shape of a 
planet's path is often exaggerated in diagrams, as the exact 
figure of a planet’s orbit on paper could not be distinguished 
by the eye from a circle. When nearest the sun the planet is 
said to be va perihelion^ and when at the point of its orbit most 
remote from the sun it is said to be in aphelion. All the planets 
travel round the sun in the same direction, and this direction, 
when we look upon the system from the northern side, is from 
right to left, or in a direction opposite to the hands of a watch. 
This eastward motion is spoken of as direct^ motion in the 
opposite direction being spoken of as retrograde. All the 
planets revolve on their axes in the same direction, and thus 
give rise to the phenomena of day and night, but the inclina- 
tions of the equatorial planes to the plane of the ecliptic vary 
We know that in the case of the earth the axis of rotation is 
inclined at an angle of 231” from the perpendicular to the plane 
of the ecliptic — Le, the plane of the equator and the plane of 
the ecliptic form this angle at their intersection, and on this 
inclination our seasons greatly depend. The axial inclination 
of the other planets is referred to in par, 24. 

17. The Ellipse. -~To understand the terms used in describing the 
planetary motions it is advisable to know some of the properties of the 
figure call^ an ellipse. A method of describing such a figure is explained 
in ‘ EL PHys.’ par. 307. An ellipse may be defined as a. closed curve such 
that the sum of the iv/o distances from any point on Us circuviference to the 
two points within called the foci is always constant ^ and equal to the viajQ> 
axis of the ellipse,^ Thus in fig. 15, s and H are the foci, c the centre, 

A hi me major axis, and B b' the minor axis. Sl.+m-5B + BW «5 
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A a'. AC or a'c is the semi-major axis, and is equal to s u, which is called 
the mean distance, being the mean between a s, the least, and a's, the 
greatest distance from s. a is the perihelion of a planet’s orbit round^e 
sun, or the perigeo of the moon’s orbit round the earth, wliile a' in a simi- 
lar manner is either the aphelion or apogee. A, A^ the two extremities of 
the major axis, where the revolving body is moving at right angles to the 
straight line joining it with the primary, are called the apses or apsides^ and 
the line passing through these points and indefinitely produced in both 
directions is called the line of apsides. The eccentricity of the orbit is the 



ratio of s C to A c, and may be represented by the fraction — • in othei 

words it is the proportion which the distance of the focus from the centre 
bears to the semi-major axis or mean distance. Suppose s c « 2, and a c ==» 3, 
the eccentricity of the orbit = f or *6. The more nearly an ellipse ap- 
proaches a circle the smaller the fraction representing the eccentricity. The 
sign T indicates the direction of the first point of Aries, and the angle r S A 
is the longitude of perihelion. P being the position of a planet at a certain 
time, the angle r S r is the longitude of the planet, while the angular dis- 
tance of a planet as seen from the sun, viz. the angle asp, is called its 
anomaly. The time taken by a planet or satellite to move through its whole 
orbit is called its period or peHodic time. The ellipticity of the spheroid 
which the ellipse would generate by revolving round one of its axes is the 
proportion which the diflerence of the two axes bears to the greater of them ; 
it is therefore represented by the firaction which the difference of the two 
axes is of the major axis. 


18. Common Characteristics of the Planets. 

(i) All the planets travel round the sun in the same 
direction, and their course, when viewed from the north side 
of the ecliptic, is from right to left, or opposite to the motion 
of the hands of a watch. This hind of motion is called direct^ 
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while motion in the contrary direction, from left to right, i& 
spgken of as retrograde, 

(2) All the planets describe elliptical orbits of small eccen- 
tricity with the snn in one focus — that is, their orbits are nearly 
circular. 

(3) The orbits of all the planets are nearly in one plane 
(with the exception of some of the minor planets or asteroids) ; 
but as each of them has a different but small inclination to 
the plane of the earth^s orbit, each one intersects the ecliptic 
in two points, which are the nodes of the planefs orbit, so that 
one half of each orbit lies north of the earth’s path and one 
half south. 

(4) All the planets are globular bodies shining like the 
earth by reflected sunlight, 

(5) All the planets rotate on their axes, and the direction 
of rotation, as far as is known, is the same as that of their 
orbital revolution. 

(6) All the planets, in accordance with the principles ol 
gravitation, move with the greatest velocity when in perihelion, 
and with the least velocity in aphelion. 


19. Distances cf the Planets from the Sim.— The planets perform 
their journey round the sun at very various distances, and, remembering 
that the orbits are somewhat elliptical, we see that they are sometimes 
more distant than at fathers. The following figures may be taken for the 
approMmate mean or average distances from the central luminary. We 
also give the periodic time of each planet, from which it will be seen that 
^ nearer a planet is to the sun, the greater is its velocity in its orbit. 
These comparative velocities form the third column of the table. 



Mean Distance in 
Millions of 

Miles 

Period of Revolution 
round the Sun in 
mean Solar Days 

Orbit Velocity in 
Miles per Second 

Mercury 

Venus 

Earth . 

Mars . 

Jupiter 

Saturn 

Uranus 

Neptune 

36 

67-2 

92*9 

141*5 

SS 6 -S 

17S2 

2792 

87*97 

224*7 

365-25 

686*9 

4332-6 

10759*2 

30688 
. 60181 

23 to 35 

21*9 

i8*s 

IS 

8 

6 

4-2 

3*4 


different members of the solar system, hut the student will easily see from 
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the foregoing numbers that the distances are not drawn to scale, because 
it is not possible to represent by one figure the real proportions of the 
orbits in any book of convenient size, Neptune being eighty times as far 
distant from the sun as Mercury. Later on we shall show these real ^o* 
portions in certain cases. 



20. Bode’s Law. — Each planet, it will be noticed, is about double the 
distance of the preceding one from the sun, and this curious relation be- 
tween the distances of the planets from the sun is known as Bode’s Law. 
It may be represented as follows. Write down nine 4’s for the nine 
planets, counting the minor planets betw^een Mars and Jupiter as one. To 
the second 4 add 3 ; to the third add 3 x 2 ; to the fourth add 3 x 4 ; to 
the fifth 3x8; and so on, doubling the number added each time. 

4, 4 +3, 4 + 6, 4 + 12, 4 +24, 4 48, 4 + 96, 4 + 192, 4 + 3S4. 

Divide the resulting numbers by 10, and we get the following numbers, 
which represent approximately the planetary distances (except that of Nep- 
tune), calling that of the earth unity. 

Mercury Venus Earth Mars Mi. PI. Jupiter Saturn Uranus Neptune 

*4 .7 I 1*6 2*8 5‘2 10 t9‘6 38*8 

No explanation has been given of this strange relation, and it may bo 
due to mere coincidence. 
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a I. Comparative Sizes and Masses of the Planets— 1 he 
subjoined figures supply information which \dll help the reader 
to^ some idea as to the relative sizes and masses in p anets. 



Fig. ly.— The Sun and his family of Planets, with their Satellites. 

From the diameter we can obtain the volume by multiplying 
the cube of the diameter by and, knowing the volume and 
the mass or quantity of matter in each, we can readily obtain 
ihe density or comparative weight (‘ EL Phys.* 14, 22). Before 
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reading the table the following figure from Proctor’s ‘ Old and 
New Astronomy ’ will furnish to the eye some means of realising 
the relative sizes of the members of the solar system, ^he 
white disc represents the sun, and the black discs the planets 
arranged across this disc in the order of their distances from 
the sun, starting on the left with Mercury, while the very small 
dots are used to indicate the minor planets or asteroids between 
Mars and Jupiter. 



Diameter in Miles 

Mass 

(Earth being i) 

Density compared 
with Water 



Mercury 

3»030 

k 

12*4 

Venus . 

7.700 

4 

H 

4*8 

Earth . 

7,918 

I 

5*5 

Mars . 

4,220 


4*0 

Jupiter 

86,000 

316 

1*3 

Saturn 

71,000 

94 

'12 

Uranus 

31,800 

147 

1*22 

Neptune 

34,500 1 

11*1 

I*I 

Sun . 

866,400 

331,100 

1*4 


It will be seen from the above table that, although the 
diameter of the sun (regarding the disc that we see as the sun) 
is 109^ times greater than that of the earth (its volume being 
therefore nearly 1,310,000 times as great), yet the quantity of 
matter it contains is but 331,100 times as great. Even taking 
all the planets together, the sun exceeds them in mass some 
750 times. It may be noticed also that Saturn is the least 
dense of all the planets, and that there is, roughly speaking, 
a progressive increase of density passing from him in both 
directions. 

To assist the reader to realise the comparative magnitude 
of the sun, and the relative distances of the planets, the follow- 
ing table, based on Sir John Herschel’s illustration of the solar 
system, is added. 
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Representative Object 


Representative Radius of 
Planet's Orbit 


Sun 

Mercury 

Venus 

Earth 

Mars 

Minor Planets 

Jupiter 

Saturn 

Uranus 

Neptune 


Globe of 2 feet radius 
Grain of mustard seed 
A pea 
A pea 

A rather large pin’s head 
Small grains of sand 
A moderate sized orange 
A small orange 
A full-sized cherry 
A small plum 


164 feet 
284 feet 
430 feet 
654 feet 

1,000 to 1,200 feet 
2,227 feet, or ^ mile 
4,083 feet, or | mile 
8,212 feet, or miles 
12,864 feet, or 2J miles 


On the same scale the nearest fixed star would be at a distance of 8,000 
miles, which shows that the solar system is a mere isolated group in the 
universe. 

22. Classification of the Planets.— The planets have been divided into 
primary, minor primary (called also planetoids or asteroids), and secondary. 
The primary planets are Mercury, Venus, the Earth, Mars, Jupiter, 
Saturn, Uranus, and Neptune. These are subdivided into inferior and 
superior planets. Mercury and Venus are called inferior planets because 
their orbits are included within the orbit of the earth, while the others, 
whose orbits lie beyond that of the earth, are spoken of as superior planets, 
The minor planets, or asteroids, consist of a number of small bodies moving 
between the orbits of Mars and Jupiter. The first of these was discovered 
by a Sicilian astronomer on January i, 1801. He called it Ceres. Next 
ytzx another was found and named Pallas ; Juno, the third, was discovered 
in 1804 ; and in 1S07 Vesta, the largest and brightest of the group, was 
seen. For a time discovery of these bodies ceased, but since 1845 almost 
every year has added to the number, so that at the beginning of i8q 7, 420 of 
these bodies will be catalogued. The inclination of their orbits to the 
plane of the ecliptic averages about 8°, but many of them exceed this con- 
^derably, that of Pallas being 35®. In size they vary from Vesta, whose 
diameter has been estimated at about 300 nuleb, to bodies of about five 
miles in radius. The secondary planets are satellites or moons revolving 
round a primary planet, and accompanying it in its revolution round the 
sun. Twenty-one such bodies aie now known. Of these the F.trlh has 
one. Mars two, Jupiter five, Saturn eight, Uranus four, and Neptuneone. 

Humboldt divided the primary planets into two groups, which he called 
^errestrzalplmttsand major planets. The terrestrial planets are Mercury, 
Venus, the E^th, and Mars. Speaking broadly, these have much m 
common m their physical constitution. Water and an atmosphere possibly 
exist on all, and, leaving out Mercury, which probably exceeds consklerabli 
average density of the other three, their density is nearly the same^ 
The major p anels we Jupter, Saturn, Uranus, and Neptune. These are 
terrestrial planets and have a much smaller 
density, and appear to present to us onlya cloudy surface. Three of them 
moreover, arc the centres of a complex system of their own. 

23- Inoliaation of Planetary Orbits to tbe Ecliptic, 
ffodes.— The plane of the ecliptic is that plane passing through 
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the earth’s orbit extended to the celestial sphere. The orbits 
of several of the larger planets lie very nearly in the same 
plane, while the orbits of 
many of the comets cut 
this plane at angles vary- 
ing to 90°. The amount 
of this inclination for each 
planet may be thus given ; 
the more exact figures will 
be found in the table in the 
Appendix: — Mercury, 7°; 

Venus 3® 23^* Mars 1° fig. iS.— Incllnatio^^two Oi bits and Line of 

51' ; Jupiter, i® 18' ; Sa- 
turn, 2° 30'j Uranus, 0° 46'; Neptune, i® 47'. The two points 
in which the orbit of a planet or another celestial body inter- 
sect the plane of the earth’s orbit are called its nodes^ while the 
line joining these points is called the line of nodes. The node 
at which the planet passes to the north side of the ecliptic is 
called the ascending node^ and the node at which the body passes 
to the south of the ecliptic is called the descending node, 

24. Inclination of the Equatorial Planes of the Planets to 
their Orhits. — We have seen in the ‘ Elementary Physiography ’ 
that the plane of the earth’s equator is inclined to the plane 
of the ecliptic at an angle of 23^®, and that the inclination of 
these two planes in conjunction with the annual revolution 
of the earth gives rise to the phenomena of the seasons. This 
inclination of the plane of a planet’s equator to the plane of 
its orbit— or what is in reality the same, the inclination of the 
planet’s axis from the perpendicular to this plane — has been 
determined satisfactorily for three of the other planets — Mars, 
Jupiter, and Saturn. In the case of Mars the inclination is 
nearly 24® 50', very little more than that of the earth ; in the 
case of Jupiter this inclination is only about 3®, while the 
inclination of the axis of Saturn to its orbit is 28®, These 
figures show that Mars and Saturn will have seasonal differ- 
ences somewhat more pronounced than those of the earth 
in so far as seasons depend on this circumstance, and tha/ 
Jupiter will be a planet almost without seasons. 

XI. 
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25. Elements of a Planet^s Orbit— The elements of a planet’s orbit 
are certain numerical quantities that are necessary to be known in order to 
giye an exact description of its orbit, and in order to compute the posi- 
tion of the planet at any given time, past or future. 

These elements are six in number: — 

1. The semi-major axis of the orbit, or the mean distance. 

2. The eccentricity of the orbit. 

3. The inclination of the plane of the orbit to that of the ecliptic. 

4. The longitude of the ascending node. 

5. The longitude of perihelion. . 1 1 ^ 

6. The epoch, or the place of a planet in its orbit at a particularly fixed 

time. _ . f r 1 • 

The first two of these elements determine the size and form of the orbit, 
the next two fix the position of the plane of the orbit in space, while the 
fifth and sixth elements determine the position of the orbit with regaid to 
'-he sun, and enable the astronomer to ascertain at what part of its orbit a 
planet is at any moment. ^ 

^ 26. Kepler’s Laws.*— The celebrated German astronomer 
Kepler (1571-1630) enunciated three laws which govern the 
motions of the planets. They are as follows : — 

(1) The planets revolve in elliptical orbits, having the sun 
in one of their foci. 

(2) The radius vector of each planet describes equal areas 
in equal times. 

(3) The squares of the periodic times of the planets are in 
proportion to the cubes of their mean distances from the sun. 

These laws are only close approximations to the truth. 
They would be perfectly accurate if the masses of the planets 
were inappreciably small. But, if the masses be taken into 
account, the gravitational effects of the planets on each other 
and the sun produce slight deviations. These deviations, 
however, can be accurately determined and accounted for. 
Though the orbits, therefore, are not perfect ellipses, they are 
very nearly so, and the focus of the orbit of any planet is more 

* As shown in a book the orbit of a planet is usually laid down on a plane 
surface, ‘ Incline it slightly as compared to some fixed plane ring, and the 
element of inclination (as regards its amount) will present itself. (The 
astronomical fixed plane in this^ case is that of the ecliptia) Imagine a 
planet following the inclined ellipse ; at some point it must rise above the 
level of the fixed plane : the point at which it begins to do so, measured 
angularlyfrom some settled starting-point, gives the longitude of the asmid- 
ing node. Then the planet’s position in the ellipse Wi^en it comes 
closest to the principal focus gives us when projected on the plane- ring the 
place of nearest approach to the focus— in other words, the- longitude of 
perihelion^ (Chambers). Refer to figs. 15 and i8, 
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correctly the common centre of gravity of the planet and the 
sun. Owing to the enormous mass of the sun this j^s, 
however, in all cases, comparatively near to the sun’s centre. 
The second law is illustrated in fig. 15, where s repre- 
sents the sun ; a p, p q, q r, &c., are portions of a planet’s 
orbit described in equal periods of time ; while asp, r s t, 
V s a', &:c., are the equal areas passed over by the radius vector 
in equal times. It is also easy to see from the second law 
that the velocity with which a planet moves in its orbit is 
greatest when least distant from the sun, and least when most 
distant. It follows also that, in the case of the earth, the 
apparent angular motion of the sun in his orbit — that is, his 
angular motion in longitude — ^will vary. The maximum angular 
motion of the sun is i® i' 9-9" on December 31, and the 
minimum angular motion is 57' ii's" on July i. 

The correct understanding of the third or harmonic law 
is so important that it is advisable to illustrate it by examples. 
Having found the distance of one planet, and knowing the 
periodic times from observation, the distance of any other 
planet may be found by simple proportion. The earth is the 
planet whose distance has been best ascertained, as explained 
in Chapter V., and for the sake of simplicity we may often take 
this distance as the * astronomical unit’ Our proportion may 
be staled thus : — 

(Earth’s . (Planet’s (Earth’s , distance 

period)’-* * period)^ ” distance)® * required 
(T)2 : (t')^ :: (d)® : (o')® 

Multiplying the second and third terms together and 
dividing by the first, we get the required fourth term of the 
proportion. 

I. Wliat would be the distance from the sun of a planet 
having a period of eight years ? 

Calling the earth’s distance i — /.<?. using it as the astro- 
nomical unit— and distance required d, we have — 

(i)® year : (S)^ year :: (i)® : (d')® 
that is, I : 64 i : (b')® (d’)®s=64 0 = 4. 

D 2 
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The distance is thus found to be four times the earth’s 
distance, 

2. Find the distance of the planet Venus from the sun, its 
period of revolution being given as 224*8 days. 

Here we may write the proportion thus : — 

Days Days Miles 

(3<jS‘2S)^ : (224-8)2 :: (93,000,000)* : (d')* 

On working this out we find the distance of Venus to be about 
67,000,000 miles, 

3. What is the periodic time of the asteroid Hygeia, its 
mean distance from the sun being 3’i4937 times the earth’s 
distance ? 

Ey Kepler’s law w^e have : x'®— that is, 

i 3 ; 3*149373 :: 365*252 ; x'^ 

This shows x' to be 2,041 days nearly. 

27. Deductions from Kepler’s Laws. — As already remarked, Kepler’s 
laws were derived from observation merely, and were given simply as facts. 
Their physical explanation was first fully set forth by Newton, who proved 
that they were necessary consequences of the laws of motion and universal 
gravitation. His demonstration led to the inferences set forth below. 

‘ By Kepler’s second law, the radius vector of each planet describes about 
the sun equal areas in equal times ; hence it follows that each planet is 
acted upon by a force which urges it continually towards the centre of the 
sun. We say, therefore, that the planets gravitate toward the sun, and 
the force which urges each planet toward the sun is called its gravity to- 
ward the sun. By Kepler’s first law, the planets describe ellipses, hav- 
ing the centre of the sun at one of their foci ; hence it follows that the 
force of gravity of each planet toward the sun varies inversely as the square 
of its distance from the sun’s centre. By Kepler’s third law, the squares 
of the times of revolution of the different planets are as the cubes of the 
mean distances from the sun ; hence it follows that the planets are solicited 
by a force of gravitation toward the sun, which varies from one planet to 
another as the square of their distance. It is, therefore, the same force, 
modified only by distance from the sun, which causes all the planets to 
gravitate toward him, and retains them in their orbits. This force is con- 
ceived to be ^ attraction of the matter of the sun for the matter of the 
planets,^ and is called solar attraction. This force extends infinitely in 
every direction, varying inversely as the square of the distance.’ ‘ Not 
only is the sun endowed with this attractive force, but the motions of the 
satellites about their primaries show that these bodies also exercise a similar 
attracUon, and as a body is made up of its component particles, the gravi- 


’ Lfoomis. 
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tation of the earth or of any other planet towards the sun is the sum of the 
gravitation of these particles. Thus every particle attracts every other 
particle in the solar system, and indeed in the whole universe, with a for<je 
which varies inversely as the square of the distances of the particles, and 
all bodies mutually attract each other with forces varying directly as their 
quantities of matter or mass, and inversely as the square of their distances. 
This principle is the law of universal gravitation. (See Chapter XIII,) 
The orbit which a planet would describe round the sun, if the planet 
and the sun were the only two bodies in the system, would be a perfect 
ellipse. But the existence of other planets and satellites introduces by their 
attractions small variations, spoken of as disturbances or perturbations. 
The treatment of perturbations is the most dilTicult part of the science of 
theoretical astronomy. 


CHAPTER III. 

LIGHI AND ASTRONOMICAL INSTRUMENTS, 

28. Nature of Light. — Heat and light are forms of radiant 
energy, energy being the power to do work — that is, to produce 
motion against resistance. Both these forms of energy are 
now regarded as undulations propagated in the all-pervading 
medium called ether, and both are known to travel from their 
source at the enormous velocity of 186,000 miles per second. 
When a substance is heated its molecules are set into a state 
of vibration, and these vibrating molecules, setting the ether 
around in a state of vibration, communicate to it energy which 
travels in waves in all directions from the heated substance. 
At first these waves do not affect the eye, forming only rays of 
dark heat, but as the temperature rises the substance passes 
into a state of red heat, and finally, as the heat increases, the 
substance glows with a white heat. In the case of sound the 
waves are propagated in the air, the vibrations of the air particles 
taking place in the direction of the wave, but ‘ in light-waves 
the motion of any particle, is confined to the plane perpendicu- 
lar to the direction of propagation which passes through the 
particles, but maybe of any small vibration in that plane.' An 
idea of such wave motion may be formed by taking a rope and 
suspending one end to a high ceiling. On shaking the rope at 
the lower end undulations will be set up, the particles of the 



38 Advanced Physiography 


rope moving perpendicular to its length, but the onward motion 
of the form of the waves being in the direction of the length. 
Such in few words is a sketch of what is called the undulatory 
theory of light, now universally accepted. An older theory, 
called the emission or corpuscular theory, regarded light as con- 
sisting of very minute material particles given off by a luminous 
body and translated through space at the velocity before men- 
tioned. But this theory failed to explain all the phenomena, 
and has consequently been abandoned. 

That branch of physics which treats of light is termed 
Optics. We propose here to give only such parts as are 
required for the purposes of this book. 


29. Kay and Pencil of light. — A luminous point sends to the eye a 
divergent bundle or pencil of light-rays, the term ray being used to indicate 
the direction of the line in which light travels, and the pencil being regarded 
as formed of a vast number of such lines or rays. But, if the light proceed 
from a very distant body, as a star, the rays that reach the eye may be 
regarded as parallel, 

30. Media.— A medium is any substance through which light can travel, 
as the ether, air, water, glass, &c. The medium is said to be homo- 
geneous when it has the same chemical composition and density throughout. 
As long as light moves in a homogeneous medium it moves in a straight 
line, leaving shadows where it cannot fall. When it meets an object into 
which it cannot penetrate it is throwm back, or rejlected and when it passes 
from one medium to another one part of it is reflected at the surface of the 
second medium, while another part enters the medium, but is bent or 
refracted into a difierent direction. A portion of light is also absorbed as it 
passed into various media. 

31. Intensity of light,— The intensity of light diminishes as the 

distance increases; or the law of 
intensity may be more exactly ex- 
pressed by saying that the intensity 
of the illumination of an object 
varies inversely as the square of the 
distance of the object the source 
of light. Fig. 19 illustrates this 
law. From the candle c rays of 
light fall on^ the square board x ; 
at twice the distance the same num- 
ber of rays is spread over four times 
the area ; and at 3, placed at three 
times the distance, we have nine 
times the area illuminated by the 

* 9 * same quantity of light. 

3a. Eefiectioa of light.— When light falls upon rough and 
unpolished bodies it is scattered or reflected irregularly, but 
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when it falls upon smooth and opaque polished surfaces most 
of it is reflected regularly. Such surfaces are furnishtid J^y 
rendering quite smooth and bright, metals like silver, tin, steel, 
&c. In an ordinary looking-glass most of the light is reflected 
from the inner surface, which is coated with a thin layer of 
silver or mercury. As no surface can be rendered perfectly 
smooth, some of the rays falling on it are scattered or irregularly 
reflected, and these render the surface more or less visible. 
For the rays reflected regularly from a plane polished surface 
the following simple law holds : — The angle of reflection is equal 
to the angle of incidence^ while both the incident and the reflected 
rays are in the same plane^ which is perpendicular to the reflect- 
ing surface. The truth of this law may be rendered evident to 
the eye by allowing a sunbeam to enter through a small narrow 
opening in the shutter of a darkened room and receiving it on 
a mirror. The dust-particles of the room will make the path 
of the incident and reflected rays sufficiently visible. The 
light itself is really invisible, for 
if the floating dust-particles be 
removed from the air in an en- 
closed space, a beam of sunlight 
sent through this space cannot be 
seen. 

In fig. 20 p N R, the angle of ^ 
reflection, is equal to the angle 
of incidence p N i, and they are 
on opposite sides of the perpen- 
dicular and in the same plane. 

An eye at r looking into the 
mirror would see the image of 
the candle at the same distance behind the mirror as the candle 
itself is in front. 

33. Eefleotiott from Plane Surfaces.— Plane mirrors show by reflection 
images of objects placed before them, the image appearing to be as far 
behind the mirror as the object is in front of it. As this image h^ no real 
existence, for the luminous rays do not come from behind the mirror, but 
only appear to do so, this appearance is called a virtufl image. These 
facts are illustrated in fig. 21. The rays from the point A of the arrow 
proceed after reflection as if they had come from the point as, and the rays 
from the point B appear to come in a similar manner from these points 



Fig. 20 . 
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of the image being as far behind the mirror as the corresponding points are 
in front of it. The images of the intermediate points may be determined 
in^a similar manner. 



Fig. ai. 


34. Eeflection from Curved Mirrors. — The most important case of reflec- 
tion from curved surfaces is that in which a concave spherical mirror receives 
light from a very distant source, so that the rays are parallel to principal 
axis. The principal axis is the straight line A L (fig. 22), passing through 
the centre of the curve and the centre of the mirror ; any other line passing 
through the centre c, but not through A, is a secondary axis. Such parallel 
rays intersect after reflection at a point F, midway between the centre of 
curvature c and the centre of the mirror A. The point where the reflected 
rays meet in front of the mirror is called the focus ^ and the focus of parallel 
rays is called the principal focus, while the distance A F is called the principal 
focal distance or focal lenglk. It is a real focus, as the reflected rays do 



Fig. 82 . 


actually meet at the point, and the focal length is always equal to one half the 
radius of curvature. If the distant object be not a mere point but an object 
of a certain size, as the moon, we may conceive a secondary axis drawn from 
each point through the centre of the mirror. Each axis will then contain 
the focus of the parallel rays from some one point of the object, and the 
collection of foci will form an image of the object. Moreover it will be a 
real though inverted image, so that if a photographic plate were properly 
exposed at the focus of the mirror, a likeness of the object would be 
obtained. 

3 S. When a ray of light moving in one medium arrives at 
another it undergoes various changes according to the nature 
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of the new medium. Part of it is reflected according to the 
manner already explained, and part of it is scattered or irregu- 
larly reflected, rendering the surface of the substance visible. 
This irregular reflection is greater, the more irregularly polished 
the surface of the body is which it meets. A part also enters 
the new medium, and is absorbed. In the case of opaque 
bodies the whole of the entering light is either reflected or 
absorbed, but in transparent bodies a large part of the entering 
light is transmitted through them when they are but thin. This 
transmitted light undergoes a change, of course, which we will 
now examine. 

36. Befractiou of Light. — When light passes obliquely 
from one transparent medium to another of different constitu- 
tion, it deviates from its straight course as soon as it touches 
the new medium, being 
bent into a fresh direction. 

This deviation is known as 
the refraction of light. It 
occurs in all cases where 
light passes into a medium 
of different density, except 
when it falls perpendicu- 
larly to the surface sepa- 
rating the two media. On 
passing from a rarer into 
a denser medium a ray of 
light is always bent to- 
wards the perpendicular 
in the denser medium, 
and conversely, on passing from a denser into a rarer medium, 
it is bent from the perpendicular. Thus in fig. 23, if the ray r i 
passes from the air into water at i, it will be refracted in the 
same plane along the line i s, instead of continuing its course 
in the direction i Rj. The angle riq is called the angle of 
incidence, and the angle s i p is called the angle of refraction. 
The relative proportions of these two angles may be found 
by describing a circle from the point i, and letting fall per- 
pendiculars from the points of intersection t and s upon the 
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line Q p. Now the fraction, perpendicular divided by hypo- 
tenuse, in a right-angled triangle is called in trigonometry the 
sine of an angle, and as the hypotenuse is the same — viz. a 
radius of the circle— for the angles of incidence and refraction, 
we see that the perpendiculars t u and s p may be taken as the 
measures of the sines of these angles. Nowit is found that for 
the same two media the sine of the angle of incidence bears a 
fixed proportion to the sine of the angle of refraction, and this 
invariable ratio is called the index of refraction of the media. 
For air and water this ratio is expressed by the fraction or 
more accurately i'34. For crown glass it is 1*53, for flint glass 
1-64, and for diamond as much as 2-48, when light enters them 
from the air. We may now state the laws of refraction as 
follows : The incident and refracted rays are in the same plane 
with the perpendicular at the point of incidence^ and on opposite 
sides of the perpendicular^ and the sine of the angle of incidence 
bears a ratio to the sine of the angle of refraction which is con- 
stant for the same two media, 

37. Total Internal Eeflection.— In fig. 23 we took T i as the incident 
ray, and saw that the refracted ray si, on passing through the denser 
medium, was bent towards the perpendicular common to the surface of the 
two media. If we suppose s I to be the incident ray, then on passing into 
the rarer medium the refracted ray i T will be bent away from the perpen- 
dicular, the angle t l u being greater than SIP. By allowing the angle 
s I p to increase, it is plain that on attaining a certain size the refracted 
ray will pass along the surface of the liquid. For any greater angle of 
incidence we should have no refracted ray passing into the upper and 
rarer medium, but the incident ray would be totally reflected back into the 
lower and denser medium on the opposite side of the perpendicular. This 
phenomenon is known as total internal reflection, 

38. Atmospheric Eefraction.— From what we have already 
said, it will be evident that the light from any celestial body 
on leaving the vacuum of space and entering the earth^s atmo- 
sphere will undergo refraction. The following account of this 
phenomenon is in the words of the late Sir John F. W. Herschel, 
as contained in his * Outlines of Astronomy ’ : — 

‘Suppose a spectator placed at A* (fig. 24), ‘ any point of the earth^s sur- 
face, K A ^ ; and let L /, M n « represent the successive strata or layers 
of decreasing density into which we may conceive the atmosphere to be 
divided, and which are spherical surfaces concentric with K the earth*s 
surface. Let s represent a star, or other heavenly body, beyond the utmost 
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limit of the atmosphere. Then, if the air were away, the spectator would 
see it in the direction of the straight line A s. But, in reality, when the 
ray of light s A reaches the atmosphere, suppose at d, it will, by the laws 
of optics, begin to bend downwardsj and take a more inclined direction, 
as dc. This bending will at first be imperceptible, owing to the extreme 
tenuity of the uppermost strata ; but as it advances downwards, the strata 
continually increasing in density, it will continually undergo greater and 
greater refraction in the same direction, and thus, instead of pursuing the 
straight line s ^ a, it will describe a curve sdcba^ continually more and 
more concave downwards, and will reach the earth, not at A, but at a cer 
tain point fl, nearer to s. This ray, consequently, will not reach the 
spectator’s eye. The ray by which he will see the star is, therefore, not 
s</a, but another ray, which, had there been no atmosphere, would have 



struck the earth at K, a point betmid the spectator ; but which, being bent 
by the air into the curve s D c B A, actually strikes on A. Now, it is a law 
of optics, that an object is seen in the direction which the visual ray has 
at the instant of arriving at the eye^ without regard to what may have been 
otherwise its course between the object and the eye. Hence the star s 
will be seen, not in the direction a s, but in that of ^ a j, a tangent to the 
curve s D c B A, at A. But because the curve described by the refracted 
ray is concave downwards, the tangent Ks will lie ahove as, the unre- 
fracted ray; consequently the object s will appear more elevated above 
the horizon ah, when seen through the refracting atmosphere, than it 
would appear were there no such atmosphere. Since, however, the dis- 
position of the strata is the same in all directions around A, the visual ray 
will not be made to deviate laterally^ but will remain constantly in the 
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same vertical plane, s A c', passing through the eye, the object, and the 
earth’s centre. 

‘ The effect of the air’s refraction, then, is to raise all the heavenly 
bodies higher above the horizon in appearance than they are in reality. 
Any such body, situated actually in the true horizon, will appear ahcrve it, 
or will have some certain apparent altitude (as it is called). Nay, even 
some of those actually below the horizon, and which would therefore be 
invisible but for the effect of refraction, are by that effect raised above it 
and brought into sight. Thus, the sun, when situated at P, below the true 
horizon A H of the spectator, becomes visible to him as if it stood at /, 
by the refracted ray qrt to which A/ is a tangent. 

* To determine with accuracy the exact amount of atmospheric refrac- 
tion is a problem of great difficulty, for the amount varies not only with the 
zenith distance of the celestial object, but it is also affected by the varying 
temperature and moisture of the air. The following general statement 
may be usefully borne in mind : — 

‘ (i) In the zenith there is no refraction. A celestial object situated 
vertically overhead is seen in its true direction, as if there were no atmo- 
sphere, at least if the air be tranquil. 

* (2) In descending from the zenith to the horizon the refraction con- 
tinually increases. Objects near the horizon appear more elevated by it 
above their true directions than those at a high altitude. 

* (3) The raie of its increase is nearly in proportion to the tangent of 
the apparent angular distance of the object from the zenith. But this rule, 
which is not far from the truth at moderate ze^iith distajzces, ceases to give 
correct results in the vicinity of the horizon, where the law becomes much 
more complicated in its expression. 

‘ (4) The average amount of refraction for an object half-way between 
the zenith and horizon, or at an apparent altitude of 45°, is about l ' (more 
exactly 57^')) a qjiantity hardly sensible to the naked eye ; but at the visible 
horizon it amounts to no less a quantity than 33', which is rather more 
than the greatest apparent diameter of either the sun or the moon. Hence 
it follows that when we see the lower edge of the sun or moon just 
apparently resting on the horizon, its whole disc is in reality below it, and 
would be entirely out of sight and concealed by the convexity of the earth 
but for the bending round it which the rays of light have undergone in 
their passage through the air, as alluded to already. 

‘ (5) That when the barometer is higher than its average or mean state 
the amount of refraction is greater than its mean amount ; when lower, 
less; and, 

* (6) That for one and the same reading of the barometer the refraction 
is greater the colder the air.’ 

From what has been said in the above quotation it follows 
that one effect of refraction is to increase the time of daylight, 
as we are thus enabled to see the sun before it has actually 
risen, and also after it has set. But even after the sun has 
disappeared below the horizon light remains in the atmosphere. 
This illumination of the atmosphere before sunrise and after 
sunset is known as twilight. It is caused by the reflection of 
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iight to the observer from the vapours and particles of floating 
matter in the higher regions of the atmosphere. It is generally 
considered that twilight lasts until the sun is about i8® below 
the horizon. The time required to reach this point is longer in 
high latitudes than in low latitudes, as the sun in the former 
case has to traverse a longer arc to reach i8® of vertical 
depression than in the former case, where the sun descends 
perpendicularly to the horizon. In latitudes exceeding 49°, 
as in England, there is in summer no real night, as the sun 
at midnight does not reach 18® below the horizon, twilight 
thus lasting the whole night Near the equator the twilight 
is said to last not more than an hour at sea level, and about 
twenty minutes only at high elevations. In latitude 40® it 
varies from about two hours and a quarter at midsummer to 
one hour and a half at midwinter. 

39. Lenses. — When a ray of light falls on a plate of glass 
with parallel surfaces it is first bent towards the perpendicular, 
and on passing into the air again it will again deviate by an 
equal amount from the perpendicular at the inner surface, so 
that the emergent ray will always remain parallel to the incident 
ray. But if the surfaces of the glass be not parallel but curved, 



Fig. as. 


the rays of light which pass through them will either converge 
or diverge. Transparent substances possessing curved surfaces 
are called lenses. They are usually made either of crown glass 
or of flint glass. The latter kind contains lead, and is more 
refractive than crown glass. Six different forms of simply lenses 
are shown in fig. 25. 

M is a double convex lens ; n, a plano-convex ; o, a concavo- 
convex ; p, a double concave ; q, a plano-concave ; and r, a 
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concavo-convex. The first three are converging lenses, and 
the other three diverging lenses. When a converging lens 
receives a pencil of rays from a very distant source, these rays, 
after being twice refracted, are brought to a point, f (fig. 26) (so 
long as the arc d e forms but a small fraction of the circle of 
which it is a part). The point to which parallel rays are thus 



Fig. s6. 


made to converge is called the principal focus of the lens, and 
the distance r a is called the principal focal distance. The 
principal focus of a convex lens may be found by exposing it to 
the sun’s rays, so that they fall upon it parallel to the axis. The 
rays, after passing through the lens, may be received on a ground- 
glass screen, the point to which they converge being found by 



Fig. 27. 

trial. The distance of the screen from the lens will then give 
the focal distance of the lens. If the luminous point be not 
so far as to render the rays sensibly parallel, then the divergent 
pencil of rays is brought to a point which is more distant than 
the principal focus f. When the luminous point coincides 
with the principal focus f, the emergent rays on the other side 
are parallel to the axis, so that the focus may be said to be at 
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an'iniinite distance; while in the case of the luminous object 
being placed between the lens and the principal focus, as at l, 
fig. 27, the rays from the point, though rendered less divergent, 
still form the diverging pencil h k, g M. These rays, therefore, 
do not give rise to any real focus, but their prolongations 
intersect at the point /, which is the virtual focus of the 
point L. 

40. A concave or diverging lens has an opposite effect on a pencil of 
light to that of a convex or converging lens, making parallel rays diver- 
gent, and convergent rays less convergent, or even parallel or divergent. 
Convex lenses are sometimes called negative lenses, and concave lenses 
positive lenses, because, when the origin of light is very distant, a convex 
lens brings the rays to a focus on the opposite side of the lens, and a con- 
cave lens to the same side of the lens as the source of light. 

41. Formation of Images by lenses^ — When an object is placed be- 
fore a lens, an image of this object formed of the collection of the foci of 
its several points may be produced, and this image can then be seen by 
an eye placed in a suitable position. When the object is placed at a dis- 
tance greater than the focal length of the lens, a real inverted image is 
found on the other side of the lens. Thus, in fig. 28, from the point a of 



the image a pencil of rays diverge, and after undergoing refraction in the 
lens this pencil is brought to a focus at a. Similarly the pencil of rays from 
the point B will be brought to a focus at A Points intermediate between 
A and B will be made to converge to corresponding points between a and b. 
The image thus formed may be received on a suitable screen, or it may be 
viewed by an eye placed in the path of rays proceeding from it. When 
the object is at a very great distance the image that is formed will be 
found at the principal focus of the lens, and this image like the preceding 
is smaller than the object. The object and the image are, in fact, in the 
same proportion as their distances from the lens. 

When the object is placed between the lens and the principal focus, 
this image that is formed is erect, virtual, and behind the lens. Moreover, 
the image is larger than the object, the magnifying power of the lens in 
this case being greater in proportion as the lens is more convex and the 
object nearer the principal focus. Fig. 29 illustrates how a convex lens 
may be made to magnify an object placed within the principal focal dis- 
tance, The rays from the object A b after passing through the lens will 
appear to proceed from the image a the points a and b being situated 
on the lines joining the centre of the lens to the points a and B. The 
image is viewed by an eye placed close to the opposite side of the lens, the 
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lens being so arranged that the image shall be situated at the distance or 
distinct vision. This may be taken at about lo inches on the average. 
Looking through the lens at the object a b (the eye could not see it with- 
out the aid of the lens, as the rays from it would be too divergent for distinct 
vision) we can see the image plainly, and this image is larger than the ob- 
ject would appear if it were placed at a distance of lO inches and viewed 
without the lens. We thus see why convex lenses are sometimes spoken 
of as magnifying glasses. The images of objects produced both by spherical 
lenses and mirrors are true only for the rays that lie near the axes. Other 
rays are not brought to a focus at a single point, and these produce a want 



of sharpness and clearness in the image which is called spherical abetra- 
Hon. For mirrors and lenses whose aperture — the angle formed by joining 
the edges to the principal focus— does not exceed lo® or 12®, spherical 
aberration hardly exists, but with a greater aperture it causes much incon- 
venience. Another defect of lenses is spoken of as chro 7 natk aberration^ 
the images they produce having at certain distances from the eye coloured 
edges (Gr. chroinai colour). This is due to the fact (as will be explained 
more fully in the next chapter) that white light consists of a number of differ- 
ent coloured rays all intermingled. These rays are of unequal refrangibility, 

and are therefore somewhat dispersed 
or brought to slightly different foci when 
white light passes through a converging 
lens. The image formed is, therefore, 
A little indistinct, and has coloured 
fringes. This effect may be obviated 
by the use of a compound lens made of 
two lenses of unequal dispersive materials, one a diverging concavo- 
convex of flint glass, the other a double convex of crown glass. These 
two kinds of glass, having different refractive and dispersive effects on 
white light, and the refractive power of a body not varying in the same 
ratio as the dispersive power, can be so apportioned that the differently 
coloured rays in white light can be all made to come to one focus. Such 
a compound lens is called an achromatic lens (Gr. a, not ; chroma^ colour). 
{SeedQ. 30.) 

42. The Astronomical Telescope.— A telescope consists 
essentially of a tube which contains two convex lenses, one of 
which, L, called the object-glass, forms, as just explained, an 



Fig. 30. —Achromatic Lens. 
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inverted image, of a distant object, a b ; while the other 
lens, l', called the eye-piece, magnifies the image that is 
formed. The tube serves to keep the glasses in their proper 
relative positions, and to shut off stray light from the observer’s 
eye. This magnified image is represented by b'a\ In astro- 
nomical work, where the objects are at a great distance, and 
the rays from any point therefore practically parallel, the image 
formed by the object-glass is at a distance from this glass equal 
to its focal length. The eye-glass, l', is placed at such a 
distance from the image b a that the eye of the observer sees 
the magnified image at the distance of distinct vision (about 
10 inches). As this varies somewhat in different persons, the 
tube containing the eye-piece can be moved, so that by 
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focussing the magnified image, as it is called, it can be made 
clearly visible. 

43. Magnifying Power of a Telescope. — The distant object 
subtends at o, the centre of the object-glass, an angle equal to 
A o B, and this is the same angle which the object subtends to 
the unaided eye, for the comparatively small length of the 
telescope tube makes no difference. The object seen through 
the telescope appears as the image and this subtends the 
the much larger angle ddd. Now the apparent magnitude of 
any object is the angle formed at the centre of the pupil of the 
eye by two rays drawn from the extremities of the object, and 
it is easily seen that the apparent magnitude of one of the 
dimensions (as the diameter) varies inversely as the distance 
of the object from the observer’s eye. The telescope, there- 
fore, virtually carries the eye so near to the object that it 
subtends the larger angle b'da\ and the object is magnified in 
the ratio of the angle Udd to a o b, represented by the fraction 

XI . K 
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Now these angles can be shown to have very nearly 

AOB 

the same ratio to each other that the distance of the small 
image ba from the object-glass has to the distance of the 
same image from the eye-glass. As these distances are the 
same as the focal lengths of the two lenses respectively, we 
arrive at the following : The magnifying power of a telescope is 
equal to the focal length of the object-glass divided by the focal 
length of the eye-glass. By changing the eye-lens for one of 
smaller focal length we can evidently increase the magnifica- 
tion of the image. Many telescopes have consequently several 
eye-pieces. But this magnification has limits if we wish to 
retain an image sufficiently bright. 

44. Brightness of the Image.— The object-glass when pointed to a 
distant object transmits to the eye of an observer with the assistance of the 
eye-piece all the rays which fall upon it, leaving out of account what is lost 
by absorption and reflection at the different surfaces. Hence the quantity 
of light received is as many times greater than would be got without the 
telescope as the area of the object-lens is greater than the area of the pupil 
of the eye. Taking the area of the pupil at one-fifth of an inch, we see 
that a three-inch telescope increases the quantity of light about 225 times, 
while the great Lick telescope, which has an object-glass of 36 inches 
aperture, increases it 32,400 times, the amount being in direct propor- 
tion to the square of the diameter of the lens. This shows how a tele- 
scope can render visible objects unseen by the unaided eye. Multitudes of 
the stars are never seen as we gaze around us, as the pupil is not able 
to gather sufficient light to produce an impression upon the retina, but by 
the aid of the object-glass of the telescope an increased quantity of light is 
poured into the eye, and the fainter objects are revealed. In the case of 
extended objects, however, like the moon or a planet with a disc, there is 
no increase of brightness, as such an object can by no arrangement be made 
to appear brighter than it does to the unaided eye. We now see why there 
is a limit to the magnifying power of the eye-glasses that may be advanta- 
geously used with the same object-glass. Each increase of magnification of 
the image formed by the object-glass renders the enlarged image formed by 
the eye-piece less brilliant, as the same quantity of light is spread over a 
greater area. Too great magnification will therefore render this image 
indistinct, 

45. PerfectioE of the Image.— If the object-glass gathered 
to a single point in the image formed at its focus all the rays 
which proceeded from the corresponding point of the object, 
we should have a perfect image of the object But no single 
lens can do this, and hence two defects arise, spherical aberra- 
tion and chromatic aberration. The former defect is corrected 



Light and Astronomical Instruments 5 r 

as far as possible by choosing lenses whose radii of curvature 
are of the best form, and the chromatic aberration is almost 
destroyed by using the achromatic object-glass described in 
par. 41. A section of an achromatic astronomical refracting tele- 
scope is shown in fig. 32. a is the achromatic object-glass placed 
at the further extremity of the tube at right angles to its axis ; 
F is the tube containing the eye-piece, and it slides in and out 
of the tube d c by the aid of the rack and pinion r. The eye- 
piece is composed of two plano-convex lenses with the flat sides 
next the eye. This kind of eye-piece, called the negative or 



Huyghenian eye-piece, is often used instead of a single convex 
lens, as thereby the chromatic aberration of the eye-piece is 
corrected, and distortion at the margin of the field of view is 
prevented. The one nearer the image is called the field- 
lens, and the one nearer the eye the eye-lens. In an astro- 
nomical telescope the image is always seen inverted and the 
right side left, but the observer soon becomes accustomed 
to this. For terrestial purposes an erecting eye-piece may be 
introduced in order to show objects in their proper positions. 

46. Eeflectiiig Telescopes. — In some telescopes the image 
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of the distant object is formed by a mirror of speculum metal 
or one of silver on glass, instead of being formed by a lens. 
Various forms of such reflecting telescopes are in use. The 
Newtonian reflector is probably the one most used. A diagram 
explaining its construction is annexed (fig. 33). The end, h /, 
of the tube is quite open, and directed towards the distant 
object. The opposite end is closed by a concave mirror, cd. 
This mirror would produce a small inverted image of the ob- 
ject <2 1^1, but before convergence the rays going to form this 
image are intercepted by the small inclined mirror $ s, which 
reflects them at right angles to the axis of the telescope to form 



the image a2^2‘ In this place a smaller tube is attached, which 
carries the eye-piece eg. This eye-piece forms for an eye 
placed at <? a virtual magnified image, At one time the 

large mirror was made of an alloy of tin and copper called 
speculum metal, but it is now made of glass coated with a thin 
layer of silver on the front surface. The largest telescope in 
the world is a Newtonian reflector. It was made for the late 
Lord Rosse, and has a mirror 6 feet in diameter, and of 60 feet 
focal length The largest refractor is at the Lick Observa- 
tory, on Mount Hamilton, in California. The object-glass has 
an aperture of 36 inches and a focal length of 56 feet. 
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47. The Transit Instnunent. — ^Astronomers set up or mount 
their telescopes in various ways to suit dilferent purposes. A 
transit instrument is a telescope a b, mounted on trunnions like 
a cannon, and made to sweep over the meridian of the place 
where it is fixed. A rigid axis at right angles to its length rests 
on two equal cylindrical pivots x and y at the top of two fixed 
posts or pillars of solid masonry, l and m (fig. 34). The axis is 
placed perfectly horizontal and accurately east and west, so 
that the telescope itself swings vertically north and south. It 
is thus able to move only in the plane of the astronomical meri- 
dian of the place where it is fixed, 
and it can be set to any altitude in 
that plane. The instrument is used 
in connection with a sidereal clock 
or chronometer to observe the exact 
time at which a star’s transit across 
the meridian occurs. Inside the 
telescope, at the focus of the object- 
glass, and therefore near the eye- 
piece A, is a frame or reticle (fig. 35) 
across which are stretched five or 
seven fine vertical lines or wires, usually threads of spider’s webs. 
These lines are at equal distances apart, and crossed by one or 
more lines at right angles.^ The imaginary line joining the 
point of crossing o (fig. 35) with the centre of the object-glass 
is called the line of collimaiion^ and when these wires are so ad- 
justed that this line is at right angles to the axis resting on the 
pivots, the telescope is said to be correctly collimated. When 
the instrument is thoroughly rigid and the pivots perfectly true, 
and when it is accurately adjusted so that the axis is exactly level 
and pointing true to the east and west, the collimation being also 
perfect, then the central vertical wire will always move on the 
meridian as the telescope is turned. The moment when a star 
crosses this wire will therefore be the true moment of the star’s 
meridian transit. When the star comes into the field of view, 

* In order to see the wires at night the axis x Y is perforated, so that the 
light of a lamp placed at X passes through the opening to a small mirror in 
the centre of the tube, from which it is reflected down to the reticle. 



Fig 34.— Transit Instrument. 
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the time of its passing each vertical wire is noted on the 
sidereal clock, and the average of these gives the moment of 
passing the central wire or meridian. This time fixes the r(i^ht 
ascension of the object, for the right 
ascension of ah object, when ex- 
pressed in time, is simply the si- 
dereal time at which it crosses the 
meridian— /.<?. the number of hours, 
minutes, and seconds since the last 
preceding transit of the first point of 
Aries (par. u), A sidereal clock, 
it will be remembered, indicates 
o h. o m. o s. when the vernal (*(|ui^ 
nox crosses the meridian, so that a 
star which passes the meridian at i6 h. 28 m. 12 s. will have its 
R.A. 16 h. 28 m. 12 s.— /.(?, 247® 3' when expressed in arc. 

If the R.A, be known exactly (and this is given for certain 
important stars in the ‘Nautical Almanac^), then the observation 
of the meridian passage of a star will give the opportunity of 
testing the accuracy of the sidereal clock. If a clock shows 
3 h. 17m. 49 s. at a star's transit when the true R.A. is 3 h. 1 7 m, 
46 s., then the error of the clock is 3 s., and this amount of 
correction must be applied to any R.A. olxscrved. 

48. The Transit or Meridian Circle.— -This is a transit 
instrument with a graduated circle of two or three feet diameter 
attached to the axis and revolving with the telescope. In 
some cases there are two circles, one at the end of each axi.s, 
and divided from o® to 360®. Each degree of the graduated 
circle is in some instruments subdivided into thirty parts, so 
that the divisions are only 2' apart. By means of microscopes 
as X Y (fig, 36) attached to the solid pier, the circle can be read 
to tenths of a second. By the aid of this instrument we can find 
the declination of a star at the same time as we find its right 
ascension. When the telescope points to a star at the moment 
that^ it is on the meridian so that it is crossing the centra! 
vertical wire at o, fig. 35, the position of the graduated circle 
IS carefully noted. Suppose the graduation is so arranged that 
the reading of the circle is 0^ when the telescope |)oints to the 
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Fig. 36.— Meridian Circle.* 


zenith. Then when we observe a star as it transits the 
meridian the reading of the circle will give us the zenith 
distance. As, however, it is scarcely possible to know when a 
telescope points exactly to the zenith, the zero point of the 
graduation is often placed at the nadir, 

This point can be precisely determined by 
pointing the telescope downwards to a 
basin of mercury, and moving it until the 
reflected image of the cross wires at the 
focus of the telescope coincides exactly 
with the cross itself. The horizon is just 
90° from the nadir, and the zenith just 
90° from the horizon. The difference 
between the reading of the circle at the 
time of transit and at observing the nadir 
point diminished by 90° will give the 
meridian altitude of the star. The complement of this is the 
zenith distance, from which, knowing the elevation of the pole 
above the horizon— that is, the latitude of the place— we can 
readily obtain the polar distance or its complement, the declina- 
tion. An older instrument, called the mural circle^ was formerly 
used to determine the declination of stars, but it has now been 
generally superseded by the transit circle. In principle it is the 
same as the transit circle, and consists of a vertical graduated 
circle carrying a telescope mounted so as to turn on the face of 
a wall. 

Observations for determining declination must be corrected 
for refraction^ and in the case of all heavenly bodies but the 
fixed stars for parallax also. Parallax is explained later, 

49. The Equatorial Telescope. — If we take a pair of open 
compasses and point one leg to the Pole star, then by turning 
this leg round, still keeping it in the same direction, the other 
leg may be made to follow a star in its diurnal circle. This 
will help in giving some idea of the motion of one part of an 
equatorial. The equatorial telescope is an instrument mounted 
on two axes at right angles to one another. One of these axes 
is pointed to the pole of the heavens, and is therefore parallel 
' See larger figure in Appendix. 
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to the earth^s axis, while the other is attached at right angles tc 
one end of this, and is called the declination axis. The end 
of the polar axis bears a graduated circle parallel to the equator, 
called the hour circle, because its reading gives the hour angle 
of the object to which the telescope is pointed, while the 
declination axis bears at its upper end the telescope, and near 
its lower end the declination circle. Having turned the tele- 
scope on its declination axis till the reading of the declination 
circle corresponds to the declination of the object, and having 

also turned the polar axis until 
the hour circle of the instru- 
ment corresponds with the dis- 
tance of the object from the 
meridian, the star may be fol- 
lowed in its circle of declina- 
tion by merely turning the 
instrument on its polar axis. 
With all large equatorials the 
polar axis is turned by clock- 
work movement at an angular 
velocity exactly equal to the 
angular velocity with which the 
earth rotates on its axis. The 
astronomer is thus able to fix 
his telescope on a star and 
keep it in the field for hours by 
following it in its daily motion. 
In the figure a b is the polar 
axis, CD the declination axis, 
E a small telescope called the 
finder, f the hour circle or 
right ascension circle, G the declination circle, o the clock with 
weight w for turning the telescope by the wheel r, which on its 
polar axis is connected with an upright shaft s, k the eye-piece 
and micrometer, L a lamp to illuminate the cross-wires at night. 

In the figure the telescope is represented as pointing to the 
Pole, but it may be turned on its declination axis to point in 
any other direction, so as to bring a celestial object at any polar 
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distance — or at any declination — into the field of view. On 
clamping this axis when it points to an object, and then turning 
the telescope round the polar axis from east to west, the instru- 
ment will describe a circle parallel to the equator, thus enabling 
the observer to follow the daily rotation of any heavenly body. 



Fig. 38.— The Altanmutn. 

50. The Altazimuth, — The altazimuth is an instrument 
used to measure the altitude and azimuth of heavenly bodies. 
k telescope, is mounted between two vertical pillars, 
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H h', these pillars resting on the strong circular plate c. This 
plate and the whole of the upper works turn on a vertical axis 
concentric with the azimuth circle r f', and thus the telescope 
may be directed to any point of the horizon. The circular 
plate G carries a pointer to show the degree and the nearest 
twelfth to be read off the azimuth circle f f', the remaining 
minutes and seconds being obtained by means of the two 
reading microscopes c and d. e and are two of the screws 
of the tripod on which the instrument rests, and they serve to 
adjust the instrument to perfect horizontality. The telescope 
is fixed between the circles n n', and can be moved on its axis 
I to any altitude, a and b are the two microscopes for reading 
the indications on the graduated ring of silver inlaid on the 
altitude circle n. They are carried by the two strong arms 
p p' attached near to the top of the pillar h'. 

Thus the altazimuth is essentially a telescope capable of 
revolving in two planes at right angles to one another, the 
angle of revolution in each case being measured by a graduated 
circle. Let the index of the horizontal circle point to zero 
when the telescope points due south, and the index of the 
vertical circle to zero when the telescope points to the zenith. 
If the instrument be now turned so as to point to a star in any 
part of the sky, the reading of the horizontal circle f f' will 
give the azimuth, and the reading of the vertical circle n' 
will give the zenith distance, and 90® — zenith distance = the 
altitude (par. 10). 

A theodolite is simply an altazimuth adapted to the use of 
a surveyor, who requires a portable instrument for measuring 
horizontal and vertical angles on the earth^s surface. It is 
made perfectly horizontal by means of a spirit-level, and is 
usually mounted on a large tripod when in use. 

51. The zenith sector is also a modification of the alt- 
azimuth. It is especially used to determine the zenith distances 
of stars near the zenith, its essential parts being a plumbline 
and a telescope, moving at the eye end over a carefully graduated 
arc. The angle between the plumbline and the axis of the 
telescope when pointing to a star on the meridian of the place 
of observation is the zenith distance of the star (par. 10). 



Light and Astronomical Instruments 59 

52. The Sextant. — The sextant is an instrument used for 
measuring the angular distance of two remote points or the 
altitude of celestial objects. It is especially adapted for use at 
sea, where fixed instruments are of no avail. It consists of a 
graduated circular arc, b c, 
connected by two metallic 
arms, a B, A c, with centre a. 

A D is a third movable arm, 
known as the radius bar, 
which revolves round a pin 
passing through the centre 
A. A plane mirror, called 
the index-glass, is fixed per- 
pendicularly to the radius 
bar, and moves with it. 

The arc c b of the sex- 
tant is graduated, and the 
movable bar ad bears at 
the lower end a vernier scale 
for subdividing the graduations of the arc. This vernier is read 
by a lens not shown in the figure. At f, on the arm a c, is the 
horizon glass or fixed reflector, the lower half of which is a plane 
mirror and the upper half unsilvered glass, o is a small telescope 
on the arm a b directed towards the mirror f, so that its axis, 
which must be parallel to the plane of the arc, meets the mirror 
at the boundary of the silvered and unsilvered portions. The 
horizon glass is fixed on the arm a c in such a position that, 
when M is parallel to it, the reading on the arc shall be zero. 
For observations on the sun both mirrors are supplied with 
coloured glasses of different degrees of shade, framed and 
placed in such positions that they can be turned down before 
the mirrors so as to diminish the intensity of the light. 

In order to observe the angle between two distant objects, 
p and Q, the observer at the telescope holds the sextant 
so that its plane may pass through both objects, and looks 
directly at the lower or left-hand object, q, through the fixed 
reflector f ; he then moves the radius bar, and with it the 
mirror M until he sees the image of the other object p, at 





6o 


Advanced Physiography 

the same time. This image reaches the eye after successive 
reflections at m and f— that is, by the path p a fg. By adjust- 
ing the position of the arm a d, the images of p and Q may be 
made to coincide exactly in the centre of the field of view. 

The reading on the arc b d now gives the angle between 
the two mirrors, which is halj the angular distance between the 
two objects p and q. That the angle between p a and Q f is 
double the angle between the mirrors depends on the optical 
law that the direction of a ray of light reflected from the surface 
of a plane mirror is changed by twice the angle through which 
the mirror is turned. In many instruments the graduations of 
the arc are so numbered that they read as double of their real 
value, and then the reading of the vernier gives directly the 
real value of the angle which the two distant objects subtend 
at the observer’s eye. 

53. The Vernier. — ^The length of an object is often measured 
by reading off the number of divisions on a fixed scale applied 
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to the object, white the angles are measured by reading off the 
number of degrees and subdivisions of a degree in a certain 
arc. Where lengths or angles are required to be measured with 
great accuracy a vernier must be used. This instrument was 
invented by a French mathematician, Pierre Vernier, in 1631, 
and consists of a small graduated scale or arc made to slide 
along a larger fixed scale or arc, so as to enable us to read 
the position of the index when it lies between the graduations 
of a fixed scale. The principle of the instrument is illustrated 
by the preceding figure, a b is a portion of the graduated scale 
of an instrument showing what represents an inch subdivided 
into tenths ; vv is the vernier or small scale made to slide along 
the fixed scale. The vernier is divided into ten equal parts, 
but its ten divisions equal nine of the fixed scale. 

Hence each part of the vernier is less than a part of the 
scale by of the latter— /.(?. by of or of an inch. 
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Suppose the zero of the vernier to coincide with the division a 
on the scale, then the first division of the vernier will be found 
to be T~oir of an inch behind the first after a on the scale, the 
next line on the vernier will fall behind the next on the scale 
by To-Ty, and so on. If the vernier be slid along the scale 
slightly so that i on it coincides with a division on the scale, 
then the o of the vernier would be of an inch from the point 
A on the scale \ if the 3 on the vernier be made to coincide 
with a division on the scale, the o of the vernier is 
above the division at a, and so on. 

It is plain, therefore, that with the scale and the vernier we 
can read to hundredths of an inch, 

‘ Suppose, for example, the position of the vernier with respect to the 
scale to be as represented in the annexed figure, where the zero of the 
vernier is brought to coincide with a certain point p on the scale. The 
point p is read on the scale 29 inches, and a fraction which is to be 
measured by the vernier. Here the division 6 on the vernier coincides 
with that which is marked 8 on the scale, therefore the distance of 
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the zero of the vernier from the last division 2 behind it on the scale is 
ygjj of an inch ; for as 6 on the vernier coincides with 8 on the scale, the 
distance of 5 from 7 is xJo > ^f 4 fro*n 6, ; of 3 from 5, ; of 2 from 4, 

^ ; of I from 3, ygo » of o f^^om 2, In like manner, if the vernier 

were pushed along till the division 8 coincided with 30 inches on the scale, 
then the reading of the zero point would be 29 inches ^ and ^5.’ A 
vernier scale has usually one graduation more than the corresponding por- 
tion of the other scale. Calling the length of the fixed scale that contains 
the same number of divisions as the vernier scale «, and the number of these 
divisions w, the vernier will be equal in length to w - 1 of these divisions, 
but will be divided into n equal parts. Since the distance a contains n 

equal parts, each division on the scale As the length of the vernier 

= a — ^ and ab it is dividedi into n equal parts also, each division on the 

. a . I / 

vernier = at ^ oxvided by n; t.e. ^ ~ ^ This shows 

that the difference between a division on the scale and one on the vernier 

is If « divisions of the vernier = « — i of the scale, then the vernier 
I 

reads to -th of the divisions of the scale. In barometers the inches are 

ft 

divided into twenuetlis. The vernier is made equal to twenty-four of these* 
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and divided into twenty-five equal parts. In this case the length <z, or 

a T'25 

twenty-five divisions of the fixed scale = 1*25 inch. As n = 25, 

= *002 inch. The instrument can, therefore, be read to 5J5 of an inch. 

In astronomical instruments the graduated scale is circular, so that the 
vernier is circular also, and must move concentric with the limb of the 
astronomical circle. In fig. 42 the limb of the sextant DL is divided into 
intervals of 20'. The number of divisions is twenty on the vernier T v, 
which are equal to nineteen on the scale. Hence we have 05 = 400, and 

« = 20 ; therefore the difference ~ = — = i. We can thus read to 

400 

In figure 42 the index or zero point shows an angle of 3® 30' on the arc. 
If the division ii on the vernier were coincident with a division on the 
scale instead of 10 on the vernier as in the figure, the reading would be 

3 ° 31'. 



Fig. 42. Fig. 43. 


Figure 43 shows a reading of 30' off the arc. 

Mechanical subdivision of the limb of an instrument may be carried to 
10' or even less with satistaction, and by increasing the length and the 
number of divisions on the vernier, still smaller quantities may be read off. 
If the vernier embrace fiffy-nine of such intervals of 10' and be divided into 
sixty equal parts, it will be evident from what has been said that with such 
an instrument the reading can be obtained to 10'' (ten seconds of arc). 

A microscope or lens fixed over the vernier is needed to read these small 
divisions and to see where the two graduations coincide. In case no two 
graduations coincide an estimate may be made by assuming coincidence 
where it appears closest. 

54. Micrometer. — In exact astronomical work the vernier 
is replaced by a micrometer, by means of which very minute 
displacements can be more safely ascertained. 

Fig. 44 illustrates the parallel-wire micrometer, in which 
two parallel wires or threads, c and o, are so mounted on 

sliding frames that they 
can, by suitable screws, 
be made to coincide 
with each other or to 
separate by a small dis- 
tance. A third wire, e, 
crosses the parallel wires 
at right angles. In using the micrometer with a telescope the 



Fig. 44. 
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frame carrying the wires is placed at the common focus of the 
object-glass and the eye-piece. When determining the angular 
distance between two stars near together, the observer moves the 
vertical wires so that each passes through a star, the frame being 
so turned that these wires are at right angles to the line joining 
the stars. The wires may now be closed up by turning one of 
the screws till they exactly cover each other. The number of 
turns and fractions of a turn required to do this gives the in- 
terval between the threads in lineal measure. The micrometer 
screw is cut very fine and even, so that each complete turn of the 
screw-head represents, say, ^ of an inch. The screw-head may 
be divided into 100 parts, so that a motion of one of these parts 
carried the screw through a distance of of ii^ch. By 
means of a vernier attached to the screw-head, we may even 
read to the thousandth part of a turn of the screw. Having 
ascertained from the number of turns and fractions of a turn 
the lineal distance between the parallel wires when passing 
through two close stars or when on the opposite margins of a 
planet’s disc, we must express this distance in arc or angular 
measure This is readily done if the observer has previously 
determined the arcual value of one revolution of the screw in 
the following manner. Having separated the wires by a con- 
venient number of revolutions, say ten, the time in seconds 
occupied by a star on the celestial equator in passing from one 
wire to the other is noted.' Dividing this number by ten, we 
get the time corresponding to one turn of the screw. As one 
second of time corresponds to fifteen seconds of arc, we 
multiply the time determined for one turn of the screw by 
fifteen to get the value in angular measure for each turn of the 
screw. 

55. Velocity of ligM . — Methods of Fizeau and Foucault . — In 1849 
M. Fizeau determined the velocity of light on the earth’s surface according 
to the method described in the following quotation from Glazebrook’s 
* Physical Optics ’ ; * L and L’ (fig. 45) are two telescopes at a considerable 
distance apart, directed to look into each other, with their axes parallel. 
At the focus of L' is a plane mirror, M, at right angles to the axes of the 
telescopes, while between the object-glass and focus of L is a plane piece 


* To obtain the interval in equatorial seconds of other stars, it is neces- 
sary to multiply the observed time by the cosine of the star’s declination. 
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c>f glass, G, inclined at an angle of 45° to the axis, i is a bright source of 
light, the rays from which pass through an aperture in the tube of the 
telescope L, and fall on the glass G ; they are there reflected along the axis, 
and I is so placed that its image, formed by reflection from the glass G, 
coincides exactly with the focus of the telescope l. The rays then emerge 
from its object-glass parallel to the axis, and after traversing the distance 
L L', which, in Fizeau’s experiment, was 8,663 metres, fall on the object- 
glass of l', and are refracted by it to its principal focus. 

There they are incident on the plane mirror M, and being reflected by 
it, emerge again from l' as a parallel pencil of rays, and, passing through 
the first telescope L, produce on the eye of the observer e the impression 
of a bright star of light at M. R is a toothed wheel which revolves about an 
axis parallel to that of the telescopes, and is so adjusted that as it turns its 
teeth pass directly between the image of i, formed by the glass G and the 
mirror M. As each tooth in succession crosses the axis of the telescope L, 
the light reflected from G is intercepted by it and prevented from reaching 
M, while the return beam from m is also intercepted and prevented from 
reaching the eye. Let us suppose that the breadth of each tooth is equal 
to the distance between two consecutive teeth. If the wheel be moving 
somewhat slowly, as each space between two teeth begins to cross the axis 
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of L, the light will pass through, and after reflection at the mirror M will 
arrive back at the wheel before the whole space has crossed ; it will thus 
reach the eye, and the star M will be visible. Suppose now that the rate 
of rotation of the wheel is increased. Then it may happen that by the time 
the light reflected from M again arrives at R a tooth is crossing the axis, and 
in this case the return beam is stopped and the star of light is eclipsed. 

This will happen if the velocity of the tooth be such that it passes 
through its own breadth in the time occupied by the light in travelling from 
L to M and back. 

If we double the velocity, by the time that the return beam reaches R 
the space next to the one through which the light passed will be crossing 
its path, and we shall see the star bright through this ; while with a treble 
velocity there will be an eclipse again, and so on. 

Now, in Fizeau’s experiments the wheel had 720 teeth, and the first 
eclipse took place when the wheel turned 12*6 times per second. Thus 

the time required to turn through the width of a tooth was ? x — x 
^ 2 720 

— of a second, and this is equal to -7;^ — of a second. 

12*6 . . , 18144 

But in this time the light has travelled twice the distance between M 
and the wheel, that is, through 2 x 8,663, or 17,326 metres. Thus the 
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velocity of light is 17,326 x 18,144 metres per second, and this, when 
multiplied out, is rather greater than 314,000,000 metres per second. 

A similar experiment was carried out by Cornu with more 
perfect apparatus, and he obtained a result of 300,400,000 
metres (186,663 miles) per second. 

Another method, depending on an application of the prin- 
ciple of the rotating mirror, was introduced by Foucault. As 
improved by Captain Michelson, this method is illustrated in 
fig. 46. 



Through a slit, s, light passes to the plane mirror r, which 
is capable of rotating about an axis in its own plane, l is an 
achromatic lens placed at its own focal length from r. Some 
of the light reflected from r passes through the lens and forms 
an image of the slit on another plane mirror placed at m. A por- 
tion of the light falling on m is again reflected, and, passing again 
through the lens to R, returns to s, forming there another image 
\h f 
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of the slit. If the mirror r be now made to rotate rapidly in the 
direction of the hands of a watch, the image of the slit will 
no longer return to s ; for the pencil reflected from m finds the 
plane mirror R on its return in the position indicated by the 
dotted line, and the image of the slit is consequently displaced 
from s to s'. By measuring the amount of this displacement 
s s', the distances s r and r m, and the rate of rotation of the 
mirror, the velocity of light can be calculated. Miclielson’s 
determination shows that light travels in a vacuum with a 
velocity of 186,330 miles per second. 


CHAPTER IV. 

SPECTRUM ANALYSIS. 

56. The Prism. — For optical purposes a prism may be de- 
scribed as a wedge-shaped piece of glass or other transparent 

it may be defined as a 
solid body bounded by 
five plane surfaces, two 
of which are triangles 
forming the ends, and 
three of which are quad- 
rilaterals forming the in- 
clined sides and the base. 
The triangles are gene- 
rally parallel and equal, 
and the quadrilaterals 
are usually rectangles. 
A section of such a prism 
by a plane peq)endicular 
to the inclined faces 
therefore shows an equi- 
lateral triangle as in the 
figure. The section, however, of some prisms gives a right- 
angled or isosceles triangle. The glass lustres of a chandelier 


medium with ])olishcd surfaces ; or 



Fig. 47. — The Prism. 
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are usually examples of prisms. Prisms may be formed of any 
transparent substances. Solid bodies can always be cut into 
the shape of a prism, and fluid substances can be put into 
this shape by confining them in hollow prisms of glass. We 
proceed to explain the action of a prism on the light that falls 
on one of its surfaces. 

57. Refraction of Monochromatic Light by a Prism. — Let 
ABC, fig. 48, represent the section of a prism standing on its 
base. Let a ray d of light of one particular colour fall on the 
surface a b. On entering the glass this ray is bent towards the 
perpendicular fe in the direction e h. After passing through 
the prism in a straight course it is again bent at on emerging 
into the air away from 
the perpendicular gh 
in the direction /%e. 

Had there been no 
prism in its path the 
ray D & would have 
passed along the 
straight course dDi. 

At whatever angle the 
incident ray may fall 
upon the surface ab, 

it is deflected from its . 

original course in such a way that the emergent ray is bent 
from the refracting edge or towards that surface of the prism 
{the base) through which it does not pass, provided the sub- 
stance of the prism is denser or has a greater refractive mdex 
than the medium in which the prism is placed. The edge a 
opposite the base c b is called the refracting edge. The solid 
angle b a c is called the refracting angle, and the angle fomed 
by the emergent ray with the straight course dDi of the 
incident ray is called the angle of deviation. By rotating _ a 
prism slowly on its axis the emergent beam of light will oe 
found to be bent in different degrees from its original path ; 
but in the particular case illustrated in the figure the incident 
ray D e forms the same angle with the surface a b that the 
emergent ray e -4 forms with the surface a c. The path taken 
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by the ray in this case is called the symmetrical path of a ray, 
and this position ot the prism is called the position of least 
or minimum deviation^ the angle formed by the emergent ray 
h E with the course o of the incident ray being in this case 
the angle oj minimum deviation. 

58. Decompositiou of White Light— In the preceding 
experiment we have supposed the light to be of one colour — 
yellow or red, for example. But when the white light from the 
sun or any other source is sent through a prism, it not only 
undergoes refraction, but it is decomposed into several kinds 
of light This decomposition of white light into its various 
colours is termed the dispersion of light, and is due to the 



Fig. 49. 


unequal refraction of the various rays constituting white light. 
If a ray of sunlight be allowed to pass through a small hole in 
the shutter of a darkened room, as is shown in fig. 49, there 
will appear a round white spot of light in the direction of the 
rays on the floor at k. But if a flint-glass prism with its base 
horizontal be allowed to intercept the rays, the beam after being 
refracted in passing through the prism is separated into various 
coloured rays, and there is produced on a distant screen a rain- 
bow-coloured band, which is called the solar spectrum^ or the 
prismatic specirum. In this brilliant band the colours gradually 
blend into one another. At the end lying nearest the incident 
beam we have a dark red^ which gradually passes into orange ; 
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this orange again blends into yellow ; the yellow into green ; 
the green into blue ; this is followed by indigo ; and finally there 
is violet These are known as the seven colours of the spec- 
trum. On looking at No. i of the coloured plate it will be 
seen that these colours show varieties of tint and pass into one 
another by imperceptible gradations, so that there are really 
more than seven. This experiment clearly proves that white 
light is compounded of innumerable coloured rays ; that these 
rays are bent out of their course in different degrees on passing 
through a prism (/.<?. have different degrees of refrangibility); that 
only when combined together do they produce on the retina of 
the eye the impression we call whiteness. As each ray is differ- 
ently affected by passing through the prism, we are then able 
to see each one in its own special and peculiar hue. We thus 



Fig. so. 


learn the important truths that rays that differ in colour differ 
also in refrangibility, and that the rays towards the red end of 
the spectrum may be called the less refrangible rays, and the 
rays towards the violet end of the spectrum are the more 
refrangible rays. If one of the colours of the spectrum be 
isolated by allowing it to pass through a hole in the screen, it 
may be received on another prism, as in fig. 50, and the rays 
thus allowed to pass will be further dispersed, but no new 
colours will be produced. This shows that the colours of the 
spectrum are simple or indecomposable, and that the red rays, 
for example, do not consist of one single tint of red, but are 
composed of various shades of red, each shade being differ- 
ently refrangible. We also see that light which has suffered 
dispersion by one prism may be further dispersed by a second 
prism. We also find on experimenting with prisms formed of 
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various substances, that the colours always succeed one another 
in the same order, viz. beginning with the least refrangible, 
red^ orange^ yellow^ green^ hlue^ tndigo, and violet^ but that the 
various coloured spaces do not always occupy the same pro- 
portional lengths of the spectrum. Thus the spectrum formed 
by a prism of flint glass is nearly three times as long as the 
spectrum formed by a prism of water of the same refracting 
angle, though the various coloured parts of the spectrum are 
not equally enlarged. The length of the spectrum also depends 
on the refracting angle of the prism, increasing nearly in pro- 
portion as this increases up to a certain limit. Again, the 
length changes with the angle which the incident rays make 
with the surface of the prism on which they fall ; but it is usual 
to adopt as the standard position for the prism that in which 
the rays on passing through undergo minimum deviation. 

59. Becompositioa of the Colours of the Spectrum. — If white light is 
composed of the various colours of the spectrum, then by the recombination 



Fig. 51.— Neutralisation of Refraction and Dispersion. 


Hi these colours white will be reproduced. This recomposition may be 
effected in several ways. If the sjwctrum be allowed to fall on a double 
convex lens a xvhite image of the sun will be formed on a screen placed at 
a distance equal to the focal length of the lens ; or if the spectrum pro- 
duced by one prism be allowed to fall on another prism of similar compo- 
sition and equal refracting angle, but inverted, the incident beam will !>e 
refracted and dispersed by the first prism, A, but the second prism, H, refracts 
in the opposite direction, and re-unites the coloured rays into the colourless 
beam f, parallel with the incident beam Fig. 
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6 0. l^urity of the Solar Spectrum* — 
The spectrum formed by admitting light 
through a small hole really consists of 
coloured images of the hole, so that if the 
slit is wide these images overlap and pro- 
duce indibtmciness and confusion of colours. 
To obtain a pure spectrum we must have 
a very narrow slit of less than ^ inch in 
width, and it is also necessary to render 
the divergent rays of light passing through 
the slit parallel, that they may fall on the 
prism at the same angle. This latter re- 
quirement is effected by interposing a con- 
verging lens in such a position that the 
rays on reaching the fust surface of the 
prism are brought to parallelism. The lens 
used for this purpose is known as a colli- 
mating lens (par. 62). On receiving these 
parallel rays on a prism placed in the posi- 
tion of minimum deviation they suffer re- 
fraction and dispersion, and the emergent 
beam gives a pure spectrum consisting of 
images of the slit ranged side by side. 
Thib image may either be received on a 
screen, or it may be viewed directly by an 
eye placed at a suitable distance in the path 
of the emergent rays. 

61. rraunliofer Lines of tlie 
Solar Spectrum. — Newton first dis- 
covered the composite nature of 
white light by showing the action of 
a prism on a solar beam admitted 
through a hole in a shutter, as already 
explained. But in his experiments 
the light was allowed to pass either 
througli a round hole, or through a 
hole shaped like a parallelogram ‘a 
tenth or a twentieth of an inch 
broad.' Now this width of slit is 
far too great to show us all that may 
be learned by examining the solar 
spectrum, as there is overlapping of 
the images that form the spectrum 
owing to the light coming through 
different parts gf t;he bole§. About 





73 Advanced Physiography 

a century later, Wollaston admitted the light through a much 
finer slit, and allowed it to fall on a prism so placed that the 
edge of the refracting angle was parallel to the slit. On 
placing his eye behind the prism so as to view the spectrum 
directly, he found that the solar spectrum was not a con- 
tinuous band of light, but that it was crossed at right angles 
to its length by dark lines showing spaces where certain rays 
are absent. But it was not till 1814 that these dark lines 
were carefully examined. In that year a celebrated German 
optician, Fraunhofer, published a minute description of them, 
accompanied by a map showing 576 of these lines. This 
number has been greatly increased by other observers, and now 
amounts to several thousands. 

Fig. 52 is a reduced copy of his map. The lines are of 
various widths, but many of them are as fine as the finest 



Fig. S3.— The principal Dark Lines m the Prismatic Spectrum. 


spider’s web, so that the portion which is filled with light is 
much greater than the portion filled with these dark spaces. 
(See Coloured Plate, No. ii.) Fraunhofer used the letters of 
the alphabet to designate some of the chief lines, beginning 
with A in the red and passing on to h in the violet. We add 
a smaller figure (fig. 53), showing the chief Fraunhofer lines of 
the solar spectrum, the white spaces being supposed to be 
occupied by the colours indicated beneath, and shown in the 
solar spectrum of the coloured plate already referred to. 

reference is frequently made to the Unes as here lettered, the student 
should render himself familiar with their position by drawing fig. 53 until 
he can reproduce it without the book, a is a strong line close to the red 
spectrum, and near it is a group of several lines marked a. Sir 
David Brewster thus describes the position of the others ; ‘ B lies in the 
rr^space, near its outer end ; c, which is broad and black, is beyond the 
middle of the d is m the orange, and is a strong double line, easily 
seen, the two Imes being nearly of the same size, and separated by a bright 
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space ; E is in the and consists of several, the middle one being the 

strongest ; F is in the bhie^ and is a very strong line ; G is in the indigo ^ and 
H in the violeL'* Remembering that the spectrum consists of a series of 
fine images of the narrow slit through which the sunlight is received, we 
now clearly understand that the dark lines are gaps in the spectrum indicating 
the absence of rays of certain refrangibilities from beams of solar light. 
The red portion of the spectrum consists of a series of linages side by side 
of the dilferently refrangible red rays, and the dark lines in the red portion 
indicate that certain red rays are wanting, and that their images do not 
appear. It is the same with the other portions of the spectrum. More- 
over, Fraunhofer showed that these dark lines are present in all kinds of 
sunlight. They are seen when the direct sunlight is allowed to fall through 
a fine slit on a prism in the way already described, and they are also seen 
when reflected sunlight, as from the clouds, the moon, or the planets, is 
suitably examined. On examining the spectra produced by light from the 
fixed stars, Fraunhofer found that each star produced a spectrum showing 
the prismatic colours and containing dark lines, but most of these stellar 
spectra differed both from the solar spectrum and from each other in the 
number and position of the dark lines. This observation was important, 
for it proved that the cause of the lines seen in the solar spectrum and not 
in the fixed stars could neither lie in our' own atmosphere nor in general 
space, but must lie somewhere in the neighbourhood of the sun itself. 
Some of the lines, however, he perceived to be due to our atmosphere, as 
they appeared distinct and dark in the spectrum of the sun when it was 
observed near the horizon, but grew faint when the sun was on the meridian. 
Thus the thickness of the atmospheric layer through which the light passed 
had some effect on the solar spectrum ; but, as just intimated, the great 
majority of the dark lines are due to other causes. 

62. The Spectroscope. — Before proceeding to describe 
further the various kinds of spectra we will give a brief account 



of the instrument now generally used to produce and examine 
spectra. Such a spectrum apparatus is called a spectroscope, 
and the mode of resolving light by means of it is called spectrum 
analysis. In its simplest form it consists of three parts : (i) a 
tube c, called the collimator^ having a narrow slit at one end and 
an achromatic converging lens for rendering the rays parallel 
at the other (the slit is of parallel metallic jaws, the width of 
which is adjusted by a fine screw) ; (2) a prism, p, for re- 
fracting and dispersing the light ; (3) a telescope, f, of 
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moderate power for magnifying and examining the spectrum 
produced by the action of the prism. 

The various parts will be understood from figure 54. The 
rays from the source of light, l, passing through the slit of the 
collimator are rendered parallel by the lens at the other end. 
These parallel rays falling on the prism, usually placed in the 
position of least deviation for the central yellow rays, undergo 
refraction and decomposition. The spectrum, S, thus formed 



Fig. 55. 


sees a magnified image of this spectrum on looking through 
the eye-piece. All light except that under examination must 
be shut off from the prism, either by enclosing it in a tube or 
by covering it with a dark cloth. In order to measure the 
relative distances of the lines in a spectrum, a third telescope 
is often used in connection with a spectroscope. Such an in- 
strument of three telescopes is shown in fig. 55. The eye of 
the spectator is placed in the axis of the telescope a, which is 
directed to that surface of the prism from which the dispersed 
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light proceeds to form the spectrum. It is focussed by the 
milled-headed screw m. The opposite surface of the prism re- 
ceives the parallel rays that are formed on passing through the 
slit and the collimating lens of the tube b. The screw v regu- 
lates the width of the slit through which the light passes. The 
telescope c contains the photographic negative on glass of a 
finely divided scale which is illuminated by the lamp or candle 
F. The light from this candle passes through the scale, and, 
being reflected from the surface of the prism p through the 
object-glass of the telescope a, the observer sees at the same 
time the spectrum and the scale, and is thus able to measure 
the relative distances of the various lines in the spectrum, m 
is a metal cap for covering the prism so as to exclude extraneous 
light. In this figure the observer is supposed to be looking at 
the spectrum formed when a platinum wire, dipped in a 
volatilisable salt, is held in the colourless flame g of the 
Bunsen burner k. Instead of an illuminated scale a micro- 
meter eye-piece is sometimes used for the purpose of measuring 
the distance between two lines in the spectrum. The number 
of turns of the screw required to bring the cross wire or needle- 
point from coincidence with one line to coincidence with the 
other furnishes a measure of the distance required. 

Various other forms of spectroscope are in use, some of them being 
very complicated and expensive. In order to increase the dispersion of 
the light under examination, compound spectroscopes with more than one 
prism are often employed. The dispersion is increased by each prism, as 
many as ten being sometimes employed, and the spectrum seen in the 
telescope is thus greatly lengthened. By this increase of dispersion not 
only is the spectrum made larger but lines are seen which would otherwise 
be missed and lines which arc very close together and seem to be but one 
may often be shown to be separate by higher dispersive power. Thus the 
solar line D can be shown to be made of two distinct lines when the dis- 
persion is sufficiently great. KirchhofiT, who first explained the real meaning 
of the dark lines of the solar spectrum, used an instrument in which four 
prisms were employed (fig. 56). * These four prisms were cemented on to 

small brass tripods and placed on a flat iron tal)le. They could thus easily 
be adjusted to the minim um deviation for every ray under investigation. The 
tube A, which was directed towards the sun, carried the slit with the com- 
parison prism ; the telescope B, which received from the last prism the 
widely diverging rays of the solar spectrum, could be moved by means of a 
micrometer screw, R, on a divided circle, so as to determine the distance 
between any of the dark lines in angular measure.* 

The copi^rison prism is used when the spectra of two flames are to be 
examined simultaneously. It is a small right-angled prism placed over 
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either the upper or lower half of the slit. Fig. 57 will serve to illus- 
trate its action. F is the source of light from which rays pass directly 
through the slit to form a spectrum in the way already explained. The 
other source of light, l, is a flame in which another substance may be vola- 
tilised so as to form a spectrum for comparison with the one formed by the 
flame F. The rays from the flame L fall at right angles on the first face, 
df^oi the comparison prism, and, being totally reflected from the opposite 
face, d Cf leave the prism by the third face, thus entering the slit of the 
collimator to form a second spectrum in juxtaposition to the first. These 
two spectra 0 and u may be either viewed by another telescope or received 
on a screen, and the coincidence or non-coincidence of any of their lines 
ascertained. For producing some of the metallic spectra, it is sufficient to 



Fig, 56.— KirchholF’s Spectroscope. 


dip platinum wires in solutions of their compounds with chlorine and hold 
these wires in a Bunsen burner, or the wicks of candles may be saturated 
with these compounds. It has long been known that the salts of certain 
metals colour the non-luminous flame of a Bunsen burner with a colon > 
depending on the metallic base of the salt. Thus, salts of sodium give a 
yellow flame; of potassium, a violet ; of barium, a green ; of strontium and 
lithium, a red. Examined by a spectroscope, these flames show distinctive 
bright lines, so that the red due to a salt of lithium can be easily dis- 
tinguished from the red due to a salt of strontium, and thus the spectrum 
can be used as a test for the presence of the metal. (See fig. 60.) In the 
case of the alkali metals, K, Na, Li, there is sufficient reason to believe 
that the heat of the Bunsen flame decomposes the salt, and that the vapour 
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<vhich gives the spectrum is the vapour of the metal itself. But with the 
alkaline earths Ba, Sr, Ca, the spectrum in the flame is rather the spectrum 
of a compound of the metal, for with the more intense heat of electricity 
the spectrum of narrow bands given by the flame with some salts of these 
metals is replaced by one of narrow bright lines due to the metal itself. 
The heavy metals as a nile show no spectra in the flame. It is thus 
evident^ that different degrees of heat are needed to obtain the spectra of 
the various classes of metals. How the high temperatures necessary to 



Fig. 57. — Two Spectra. 


exhibit the spectra of some metallic vapours are obtained will be explained 
in a succeeding paragraph. Of the spectra of compounds we need only 
remark that they nearly always show fluted bands ; that though it was 
once supposed a compound gave the same spectrum as its elements, we now 
know that each compound has a spectrum of its own, and that there is no 
decided relation yet made out between the spectrum of an element and the 
spectra of its compounds. 

63. The Pocket Spectroscope. — For some purposes a simple 
pocket spectroscope may be used. Prisms may be so combined 



Fig. 58.— Convenient Form of Pocket Spectroscope 


as to produce dispersion of the extreme rays without deviation of 
the central rays, and the light passing through a slit may thus 
be decomposed to produce a spectrum in the line of the incident 
ray continued. Such an arrangement forms a direct-vision 
spectroscope, as it can be held in a straight line between the 
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source of light and the observer’s eye. A convenient form of 
direct- vision spectroscope is shown in fig. 58. The compound 
prism by which the light is dispersed is enclosed in the tube a. 
At one end of this tube is an opening, e, for the eye, and at the 
other end it is terminated by the lens l'. The tube a slides in 
a second tube, b, which carries the adjustable slit s. In some 
cases a third tube, c, is added, with a short focus lens, L," for 
throwing light from a particular part of an object on the slit s. 

64. The Telespectroscope.— In astronomical work a spectroscope is so 
attached at the eye end of a telescope that the image formed by the object 
glass falls on the slit of the spectroscope. The combined telescope and 
spectroscope is called a telespectroscope. The plane of the slit coinciding 
with the real image formed by the object-glass, it is manifest that light from 
any part of the sun may be separately examined. As the image of a star 
in a large instrument is little more than a mere point, its spectrum would 
be a line only. To give some bieadth to this line, a cylindrical lens is 
placed before the slit when examining stellar spectra. Any spectioscope, 
when used with a lens interposed between the luminous object and the slit 
so that light from various parts of the object may be thrown on a slit and 
separately examined, is sometimes spoken of as an analysing spectroscope. 
(See fig. 61.) When light is received from a luminous body as a whole, the 
instrument may be called an integrating spectroscope. 

65. Diffraction Spectra.— A prism is not the only means of separating 
the variously coloured constituents of a compound ray of light, Spectra 
may be produced by gfatwgs as well as by prisms. Such spectra are 
the result of what is known in optics as diffraction. The phenomena of 
diffraction aie the effect of modifications which light undergoes on passing 
through very small apertures or over the sharp edge of a body. The 
coloured fringes seen round the shadows of bodies in sunlight are effects of 
diffraction. A diffraction grating consists of a number of very fine parallel 
lines ruled on the surface of glass or some bright metal so as to produce a 
large number of equal and equidistant small rectangular apertures. Gratings 
with 28,000 lines to the inch are often used, and Professor Rowland of 
Baltimore has constructed a machine that has ruled as many as 43,000 
lines in an inch. When a finely ruled glass grating is placed in front of a 
slit or other bright line, with the scratches parallel to the slit, there is seen 
by an. eye looking through it an image consisting of one central white 
band, with a succession of spectra on either side, all placed with the violet 
end towards the centre. By turning the eye to the right or left these 
spectra may be separately examined. The first spectrum on cither side 
stands apart from the rest, but by looking in a direction more inclined to 
the perpendicular of the grating the other successive spectra may be seen, 
the red end of each overlapping the violet end of the preceding one. By 
proper means, however, any one can be isolated. The two first spectra 
are short and brilliant j the succeeding ones gradually increase in length, 
but diminish in brilliancy. These diffraction spectra are well adapted for 
determining the wave-lengths of the various coloured rays, as the distribution 
of the different rays in these spectra is in exact accordance with the length 
of the waves. This is not the case with the prismatic spectrum, as in it 
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tKere is unequal dispersion, the violet end being more extended than the 
red end. 

66. The Heating and Chemical Effects of the Solai’ 
Spectrum. — Besides the visible spectrum confined within the 
limits of the lines a and h, it has been found that the spectrum 
extends on both sides far beyond the red and far beyond the 
violet. The infra-red portion of the spectrum contains the 
rays in the sun’s beams which are less refrangible than the 
red rays, and which, though invisible, produce effects of heat. 
In the spectrum formed by a flint-glass prism it is found that 
the heating effect is chiefly confined to the red end, and that 
the maximum is even beyond the red. The light, on the other 
hand, has its greatest intensity in the yellow part of the spectrum 



50. —Illustrating the Distribution of Heat (h), Light (l), and Chemical 
bihotographic) Activity (c h) in the Solar Spectrum (prismatic). 


and Its least in the violet part. But beyond the violet there are 
rays of high refrangibility in the spectrum which manifest their 
presence by chemical effects. The chemically active rays begin 
to be found at the end of the yellow part of the spectrum, and 
show themselves most active about the violet. But the ultra- 
violet portion contains for some distance these actmic rays, as 
they are often called. It is these chemically active rays that 
are chiefly used in the art of photography, for this art mainly 
consists in fixing images on substances sensitive to light. But 
by suitable means both the infra-red and the ultra-violet portions 
of the spectrum have been photographed. The photograph 
shows, in the ultra-violet, dark lines similar to the Fraunhofer 
lines, the chief of these being known as l, m, n, 0 , p It must 
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be clearly understood that the three different effects spoken 
of are not produced by three different rays, for the same ray 
may possess all three properties, and its effects depend on the 
nature of the objects that receive it.^ Fig. 59 illustrates dia- 
grammatically the various intensities of the light, heat, and 
chemical action in the various parts of the solar spectrum 
formed by a flint-glass prism, the curved lines indicating the 
various degrees of these actions, and the summit of the curve 
denoting the position of maximum effects in each case. 

67. Radiation or Emission Spectra. — Various son ices of 
light emit rays which, when directly examined by the spectro- 
scope, give rise to various kinds of spectra. 

(a) Continuous Spectra , — In the first place, it must be 
noticed that all solid and liquid bodies glowing with white 
heat emit rays which give rise to a spectrum that is without 
any break from the red to the violet. (See No. i of the 
Coloured Plate.) No lines or gaps are seen as in the sun’s 
spectrum ; the coloured band is continuous. Such a spectrum 
is seen when we look with the spectroscope at glowing molten 
iron, at a white-hot platinum wire, or at the flame of an oil-lamp. 
(The flame of an oil-lamp or a candle contains white-hpt particles 
of carbon.)*' This continuous spectrum of solid and liquidbodies 
is not of the same length for all degrees ofi heat. On heating 
a piece of platinum wire firmly fixed before the slit of the 
spectroscope by the non-luminous flame of a Bunsen burner, 
it glows at first with a dull red heat, and the red part of the 
spectrum only is seen. As the heat increases, the orange, 
yellow, green, blue, and violet parts of the spectrum arc added in 
succession, until the whole continuous spectrum from the red 
to the violet is seen. At this time the metal appears white hot 
to the eye. Whatever solid or liquid is brought into a state of 
white heat, it gives a similar spectrum, so that we have, in short, 

' ' In accordance with the impression produced upon our senses, we 
are accustomed to divide the solar rays into light, heat , and chemical action. 
These three different effects are not to be regarded as the results of three 
different kinds of rays, but rather as different effects inherent in the ether 
vibrations. According to the length of the waves and the nature of the 
receiving particles, this energy shows itself either as heat, light, or chemical 
action. ’ — ScheUen . 
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the general rule, All glowing solid and liquid bodies give a con- 
iinuous spectrum. It follows from this that as the spectra of all 
incandescent solid and liquid bodies are continuous, such a 
spectrum does not enable us to recognise the substance pro- 
ducing it. We can only conclude that it is most probably 
produced by a body in the solid or liquid state, emitting rays 
of all kinds. 

{li) Bright Line Spectra , — But there is another kind of 
emission or radiation spectrum. Glowing gases and vapours 
give discontinuous spectra, consisting of coloured lines or bands 
on a dark ground. As these bright lines or bands are constant 
in position and, at any given temperature, in intensity also, it 
thus becomes possible by volatilising a substance to tell, from 
the bright lines yielded, what element it contains, and, to some 
extent, its physical condition also. Hence the study of the dis- 
continuous spectra of vapours and gases forms an important part 
of spectrum analysis. The various metallic substances require 
different degrees of heat to turn them into vapour. Thus sodium 
is volatilised in the flame of a common spirit-lamp. If a little 
common salt, which is chloride of sodium, be placed on a clean 
knife and held in this flame, the flame becomes intensely yellow. 
On examining this yellow flame by the spectroscope in a darkened 
room where sunlight is shut off, a strong yellow line is seen in 
the instrument. With a spectroscope of good dispersion-power 
this line is seen to be double (see Coloured Plate No. 2). Even 
if the sunlight or the light from a lamp is admitted through the 
slit at the same time as the yellow light of the sodium flame, 
the sodium line can still be distinguished in the orange-yellow 
part of the spectrum. Many other metals, such as potassium, 
lithium, strontium, calcium, and barium, can be volatilised 
wholly or partially by heating their chlorides at the end of a 
clean platinum wire in the non-luminous hot point of a Bunsen 
burner, as explained in par. 62 (see fig. 60). On looking through 
the spectroscope, properly focussed, the characteristic coloured 
lines of each metal will be visible if the slit is sufficiently 
narrow to ensure their sharp definition. 

The subjoined illustration shows the position of the chief 
lines of some of these metals, the solar spectrum and its lines 

II. G 
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being indicated above for the sake of comparison. The colour 
of the lines maybe inferred from their position in the spectrum. 
(See also the Coloured Plate.) When a substance shows more 
than one line, the various lines are designated, according to 
their degree of brightness, by affixing the Greek letters to the 
chemical symbol of the substance. Thus Ka denotes the 
brightest line in the spectrum of potassium. This is in the red 
portion of the spectrum. KyS denotes the next brightest line, 



which is in the violet. (It will now be readily understood how 
easily the chemist can detect the presence of any of these metals 
by their distinctive lines. Very small portions of the substance 
make themselves thus manifest.' It was by spectroscopic 

* Bunsen and KirchhofF have calculated that the eighteen-millionth 
part of a grain of sodium can be detected by the spectroscope. So widely 
diffused is this element, that it is difficult to obtain a flame free from traces 
of sodium vapour. 
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analysis that several new elements — mbidiumi caesium, 
thallium, indium, and gallium — were first discovered.) But 



the heat of the Bunsen burner is not sufficient to volatilise and 
decompose some of the compounds. A still greater heat can 
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be obtained by burning a mixture of oxygen and coal-gas brought 
from separate vessels to a suitable burner. When hydrogen 
and oxygen are used we get the oxyhydrogen flame, which is 
still hotter than the oxy-coal-gas flame. But for such metals 
as iron and nickel the heat produced by the electric arc or 
electric spark is needed. The voltaic arc is produced by the 
passage of an electric current between two rods of carbon which 
form the terminals of the poles of a battery. The electricity is 
generated either by a powerful battery or an electro-dynamic 
machine driven by steam. Such a machine converts mechanical 
power into electricity, and the electric current, in passing from 
one carborf rod to the other, produces an intense hght. With 
pure carbon this light would give a continuous spectrum, asso- 
ciated to some extent with the spectrum of carbon vapour. By 
keeping the carbon points as far apart as possible, and placing 
the salts of the heavy metals on the lower one, the spectra pro- 
duced by their metallic vapours may be seen. The spectra of 
iron, nickel, &c., may also be obtained by using metallic poles 
of these metals. These spectra will be complicated with the 
spectrum due to the air which has been rendered incandescent, 
but by examining at the same time two spectra from two pairs 
of metallic poles made of different materials the lines common 
to the two spectra may be recognised. These will either be 
air lines or lines due to some common impurity of the poles. 
Professor Lockyer, by the arrangement shown in fig. 6i, has 
been able to photograph the spectra of the metals. 

A photographic picture of a spectrum of a metal or of the 
sun gives us a perfectly truthful and permanent representation 
of what we only see for a short time when we look through 
the telescope. The sensitive plate furnishes us both with an 
accurate representation of the position of the lines, and marks 
their intensity and breadth. This it does not only in the 
visible portion of the spectrum, but also in the infra-red and 
ultra-violet portions. Moreover, it is quite possible to 
photograph the spectrum of the sun and of various metals on 
the same plate, one immediately below another, and thus to 
furnish a ready means of comparison. This is done by dividing 
the slit of the spectroscope into sections, a (fig. 6i) is the 



spectrum Analysis 85 

electric lamp for producing the light between carbon or metallic 
poles ^ B is a lens for throwing the image of the electric arc on 
the slit o. (By having the slit horizontal and the arc vertical a 
spectrum of various portions of the arc may be obtained.) The 
prisms for dispersing the light rest on the stand c, aiid are 
covered by a black cloth to shut out any side-light. D is the 
photographic camera, and e is the case containing the sensitive 
plate on which the photographic image is to be taken. By 



Fig. 62.— Photographed Spectra of Metals. 

I. Spectrum of Meteorite. 2. Spectrum of Calcium. 3. Spectrum of Aluminium. 
4. Spectrum of Iron. 5. Spectrum of Barium. 


placing the bright-line spectra of metals in juxtaposition on 
the photographic plate Professor Lockyer was enabled to show 
that many lines that appeared to be coincident in some of the 
metals were due to a common impurity. Other lines that 
appeared to be coincident were shown not to be truly so on 
using spectroscopes with higher resolving power. A few oi 
the coincidences in the metallic spectra still remain without 
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sufficient explanation. The bright-line spectrum of a metal 
observed in the electric arc is accompanied by the spectra of the 
gases (the air lines) through which the discharge takes place. 
Moreover, by the examination of the various sections of the arc 
some of the lines are seen to be very short, and 
confined to the neighbourhood of the poles, 
while others are long, stretching from pole to 
pole. These longest lines are not always the 
strongest, some of them being very weak. The 
longest lines are also always most persistent 
when the temperature and pressure are reduced. 
They may therefore be seen in cases where the 
short lines are invisible. 

To obtain the radiation spectrum of the per- 
manent gases — oxygen, hydrogen, nitrogen, drc. 
— a special tube, Geissler’s or Pllicker's, is em- 
ployed, Pliicker’s tube, shown in the figure, has 
the central portion very narrow. By sending an 
electric discharge through such a tube contain- 
ing the gas in a highly ratified state, it becomes 
luminous at a temperature far below that of 
incandescence. The colour of the electric dis- 
charge varies according to the nature of the gas, 
and when examined by the spectroscope, on 
I)lacing the capillary portion of the tube before 
the slit, the light emitted shows the characteristic 
spectrum of the gas (see Coloured Plate No. 6). 

68. Variations of Spectra. — The spectra of the various 
elements obtained by one or other of the methods above 
described consist of a larger or smaller number of bright 
lines, ^ each substance yielding its distinctive and charac- 
teristic spectrum under similar conditions. The tempera- 
ture at which the spectrum is produced has no influence 
ViG, 63.~Piucker relative position of the lines ; but the number of 

Tube. the lines in a spectrum, as well as their relative intensi- 
ties, may undergo considerable changes, not only by change 
of temperature, but also by change of pressure. Thus the spectrum of 
lithium in the Bunsen flame shows one bright red line only ; at a higher 
temperature a faint orange line appears ; while in the electric arc a bright 
blue band makes its appearance. Increase of pressure in some cases -Tor 
example, in hydrogen and sodium— may produce a widening of lines, the 
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lines being broader at high than at low pressures. In some gases, as 
hydrogen, oxygen, nitrogen, &c. , two different spectra appear, a spectrum 
of the first order with shaded bands with an electric discharge of moderate 
tension, and a spectrum of another order, consisting of bright lines with 
dark spaces between, produced by a high-tension spark in Geissler tubes. 
Under certain conditions an incandescent gas may even give a continuous 
spectrum. At a very high pressure, when the density must be veiy great, 
hydrogen gives a continuous spectrum on receiving a powerful electric spark ; 
while the spectrum of oxygen is continuous at the lowest temperature at 
which the gas is luminous. Though spectra are thus variable, it appears 
that for any one temperature or pressure each vapour has its own special spec- 
trum of lines or bands, and that a spectrum of fluted bands usually belongs 
to a vapour which is colder than one which has a spectrum of bright lines. 
Professor hchuster says in the ‘ Encyclopaedia Britannica ’ : ‘ Spectra may 
be classified according to their general appearance. The different classes 
have been called orders by Plucker and Hittorf. At the highest tenriperature 
we always obtain spectra of lines which need no further description. At 
a lower temperature we often get spectra of channelled spaces or fluted 
bands. When seen in spectroscopes of small resoMng power these seem 
made of bands which have a sharp boundary on one side and gradually fade 
away on the other. With the help of more perfect instruments it is 
found that each band is made up of a number of lines which lie closer and 
closer together as the sharp edge is approached. Occasionally the bands 
do not present a sharp edge at all, but are made up of a number of lines 
of equal intensity at nearly equal distances from each other. Continuous 
spectra, which need not necessarily extend through the whole range of the 
spectrum, form a third order, and appear generally at a lower temperature 
than either band or line spectrum. One and the same element may at 
different temperatures possess spectra of different orders. A discussion has 
naturally arisen as to the cause of these remarkable changes of spectra, and 
it is generally believed that they are due to differences of molecular 
structure.’ 

69. Absorption Spectra. — It has already been mentioned 
that when light passes through any medium it sulFers more or 
less absorption. A glass thickly coated with soot completely 
absorbs the light falling upon it, while a slightly smoked glass 
diminishes the intensity of the light it transmits by effecting 
a partial absorption. Coloured glasses only transmit certain 
kinds of rays, for with them a selective absorption takes place. 
Thus a red glass only transmits the less refrangible rays, and 
absorbs the green, blue, and violet rays. It is thus seen that 
the colour of bodies generally results from the fact that a 
portion of white light falling upon them is absorbed. When 
the unabsorbed portions are transmitted through the sub- 
stance, then the body is coloured and transparent, as are many 
varieties of glass, some liquids, and some vapours. When the 
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unabsorbed rays are reflected, then the body is coloured and 
opaque. Those which transmit or reflect all kinds of light 
rays are white ; those which transmit or reflect none are black. 
If sunlight or the white light from any incandescent solid be 
sent through any absorptive medium, we shall be best able to 
study the effects produced by this medium on the continuous 
spectrum if we examine the transmitted light by the spectro- 
scope. Such transmitted light produces what is called an 
absorption spectrum, and the student must remember that 
when we speak of an absorption spectrum we mean a spectrum 
formed when white light has passed through an absorption 
medium. Our space will not allow us to say anything here 
about the absorption spectrum produced by various liquids. 



1 ? iG. 64. — Spectra of Ab!>orbeQt Substances* 


Nor do these much concern us. But the absorptive action of 
gases and vapours is a matter of great importance to us. 
Many coloured gases and vapours give an absorption spectrum 
in which are seen dark lines or narrow black bands traversing 
the colours of the continuous spectrum. Thus if a spectroscope 
be arranged so that a good continuous spectrum becomes visible, 
on heating a few crystals of lead nitrate in a test-tube in front 
of the slit, the red vapour of nitrous acid (nitrogen tetroxide) 
is formed, and its absorption spectrum may be examined. 
Similarly, by heating a few crystals of iodine in a test-tube 
pMggcd with cotton-wool, the beautiful absorption spectrum of 
iodine vapour may be observed. Numerous fine lines will be 
seen in the orange and yellow, and a shaded band, really con- 
sisting of very fine lines, in the green. 
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Even some colourless gases, as aqueous vapour and oxygen, 
possess a power of selective absorption when a column of 
sufficient thickness is examined. The vapours of metals which 
when examined directly emit light producing bright-line spectra, 
also furnish absorption spectra of dark lines. Now it was long 
thought that there must be some close connection between 
the power of a body to emit light and the power of a body to 
absorb it. But for some time the nature of this connection 
remained unknown. However, the investigations of several 
distinguished men of science gradually established a very 
important relation between the emission and absorption of 
light. When considering the significance of the fact that the 
double briglit line emitted by sodium vapour was coincident 
with the double dark line d of the solar spectrum, Professor 
Stokes, in 1852, offered the following explanation : — 

‘The light given out by an incandescent vapour depends upon the vibra- 
tions of its molecules, in the same way as the tone of a note of a piano 
depends upon the vibrations of the string. If a note is sounded in a room 
where there is a piano, it will be found that the strings answering to that 
note will respond by giving out the same tone. The same thing occurs 
with regard to light : when light passes through a vapour, the molecules 
of whicJi have power to vibrate in any certain relationship, these are stimu- 
lated by the rays of light passing amongst them to vibrate in concert with 
them ; but only such rays can transfer their vibrations to the gas molecules 
as are vibrating in unison with them. But in proportion as the light trans- 
mits to the gas molecules its own vibrations it loses energy itself, and 
becomes weakened or extinguished ; but this can only occur in such rays as 
vibrate in coincidence with the gas molecules. It is evident that it depends 
entirely upon the nature of the vapour through which white light passes, 
which portions of the light will be lost, or, in other words, which colour 
will be weakened or absorbed by the vapour. When, for instance, white 
light passes through vapour of sodium, the only rays which will be 
weakened will be those corresponding to the two yellow lines of this 
vapour, and in contrast to the other rays they will appear dark.’ 

Kirchlioff, in i860, at last put the relation between emission 
and absorption into a more definite form, which is spoken of as 
the ‘law of exchanges.’ This law asserts that every substance which 
at a given temperature emits certain rays of light is capable at 
the same temperature of absorbing the same kind of rays that it 
emits* It is important to notice the phrase ‘ at the same tem- 
perature ’ ; for if the absorbing body is giving out light of the 
same quality as thal which it absorbs, no effect will be percep- 
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tible ; if the absorbing body is giving out more light than it re- 
ceives, it will produce its own elfect in somewhat less degree \ 
but if the absorbing body be at a lower temperature, so as to give 
out less light, then this absorbing body will so enfeeble the rays 
that it takes up that they will be wanting in the light that is 
transmitted. An incandescent body, therefore, which gives all 
kinds of radiations, and produces a continuous spectrum, on 
shining through a cooler gas or vapour has certain rays taken 
out, the absorbent vapour cutting out or refusing to allow to 
pass only those rays which it itself sends forth. Luminous 



Fig. 63.— Reversal of the Sodium Line (projected on a Screen). 


sodium vapour, as we have seen, burns with a yellow flame, and 
produces, under ordinary circumstances, a spectrum of a close 
pair of orange yellow lines. If intense white light from a glowing 
solid or liquid body be allowed to pass through the luminous 
sodium vapour, the vapour will abstract from the white rays 
just those yellow rays which it was emitting; the other rays — the 
red, orange, green, blue, and violet— passing through the sodium 
vapour with little diminution. If, then, the light which passes the 
sodium vapour be examined by the spectroscope, a close pair of 
dark lines will be seen on a background of continuous spectrum, 
and these dark lines will occupy exactly the same position as 
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the two bright lines of the emission spectrum given by so- 
dium vapour (see Coloured Plate). The sodium lines are said 
to have been reversed. To show the reversal of the sodium 
line the apparatus seen in the figure may be employed. We 
first get the bright-line spectrum of sodium by removing the 
parts G and s and allowing the light from the electric lamp 
(the poles of which have been moistened with a solution of 
sodium chloride) to pass through the prism and form a con- 
tinuous spectrum. In this spectrum the bright sodium line will 
be seen, and its position may be marked by the letter m. In a 
short time the sodium on the carbon points is all evaporated 
A small piece of sodium is now burnt in a platinum spoon in 
the Bunsen burner g, the perforated screen s being placed 
before the lens l to protect the large screen from the yellow 
light of the burning sodium. The sodium ignites and forms a 
cloud of vapour in the path of the rays from the electric light, 
and there appears on the screen the dark line d, exactly in the 
same place as the bright line m appeared. There is thus produced 
the absorption spectrum of sodium. In a similar manner, the 
bright lines of the emission spectra of potassium, lithium, cal- 
cium, barium, iron, and other metals have been reversed ; that 
is, their characteristic bright lines are changed into dark lines 
when the intense white light of the sun or other incandescent 
solid or liquid body passes through the cooler vapours of these 
metals. Thus the dark lines in a spectrum are not produced 
by the source of light but by the screen of relatively cooler 
vapours that comes between the light source and the spectro- 
scope. 

70. Explanation of the Frannhofer Lines. — We are now in 
a position to understand what effect a less heated atmosphere 
of vapours will exert on the more intense light which would 
produce a continuous spectrum. In such a case the spectro- 
scope will show this continuous spectrum crossed by dark lines, 
and these dark lines will be the more numerous, the more com- 
plex this atmosphere is. If, then, we can establish a complete 
coincidence between the bright lines of the gaseous spectrum 
of a certain substance with the dark lines produced in an 
absorption or reversed spectrum, we may safely conclude that 
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this same substance is contained in the absorptive atmosphere 
which produces the dark lines. By producing a bright solar 
spectrum, and then bringing the glowing vapour of sodium in 
front of the slit, Kirchhoff showed that the dark d lines of the 
solar spectrum coincided exactly with the bright lines of the 
sodium vapour (fig, 66.) By means of the comparison prism these 
two spectra may be seen at once in the same instrument. From 
these observations Kirchhoff concluded that 
the dark lines d in the solar spectrum were 
produced by the bright light from the sun’s 
nucleus shining through an atmosphere con- 
taining sodium. He next took a more com- 
plex spectrum, like that of iron. Arranging 
the spectroscope so as to have the two spectra 
one above the other, he found that the bright 
lines of the spectrum of iron were exactly 
matched in position by dark lines in the solar 
spectrum. By comparing the bright lines of 
other metallic spectra with the dark lines in 
the solar spectrum, Kirchhoff found that such 
metals as iron, calcium, and magnesium have dark representa- 
tives in the spectrum. If the sun’s atmosphere contain the 
vapours of sodium, iron, calcium, and magnesium in a glowing 
state, then the white light from the incandescent mass beneath, 
on passing through these vapours, would produce the effects 
observed. Startling as the conclusion at first appears, that the 
atmospheric envelope of the sun contains glowing iron vapour, 
no other explanation can be given. To quote from a transla- 
tion of Kirchhoff’s own words : ‘ As this is the only assignable 
cause, the supposition appears to be a necessary one. These 
iron vapours might be contained either in the atmosphere of 
the sun or in that of the earth. But it is not easy to under- 
stand how our atmosphere can contain such a quantity of iron 
vapour as would produce the very distinct absorption lines 
which we see in the solar spectrum \ and this supposition is 
rendered still less probable by the fact that these lines do not 
appreciably alter when the sun approaches the horizon. It 
docs not, on the other hand, seem at all unlikely, owing to the 



Fig. 66. 
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high temperature which we must suppose the sun’s atmosphere 
to possess, that such vapours should be present in it. Hence 
the observation of the solar spectrum appears to me to prove 
the presence of iron vapour in the solar atmosphere with as 
great a degree of certainty as we can attain in any question of 
physical science.’ 

Fig. 67 shows two portions of the solar spectrum, one 
situated in the yellow, between 120 and 126 of KirchhofT’s scale ; 
the other in the green, between 150 and 154. The correspond- 
ing portions of the combined spectra of the glowing vapours 
of iron and calcium of the iron spectrum (Fe) are seen to 
''oincide exactly with thirteen dark lines in the solar spectrum, 



Fig. 67.-— Coincidence of the Fraunhofer lines with the Lines of Iron and Calcium. 


while twelve bright lines, indicated by the dotted lines below, 
belong to calcium, and these also coincide with an equal 
nuniber of dark lines in the solar spectrum. Kirchhoif showed 
about 60 bright lines of iron to be coincident in position with 
as many Fraunhofer lines, but since his time the number of 
coincidences has been raised to more than 460. Not only so, 
but in general the artificial bright lines of iron that appear 
strong when an electric discharge is passed between electrodes 
of the rxietal have dark solar lines corresponding both in 
position and intensity. The coincidences of the bright lines 
of other metals with dark lines in the solar spectrum have led 
to a fuller knowledge of the elements present in the vaporous 
envelope of the sun. The list given by KirchhofT consisted 
of sodium, iron, calcium, magnesium, nickel, barium, copper, 
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zinc. Two other workers at this subject, Angstrom and Thal^n, 
added chromium, cobalt, hydrogen, manganese, and titanium. 
Professor Lockyer, taking account of the facts that in the voltaic 
arc the cooler vapour of a metal in front of the hotter often 
produced a reversal of the longest lines of the metal when the 
short bright ones were not affected, and that these longest lines 
are found in that part of the arc where the vapour must be 
least dense, argued that if an element is not present in the 
sun in sufficient quantity to have all its lines reversed, it may 
indicate its presence by the reversal of its longest lines only. 
He therefore added to the above a number of elements the 
longest lines of which were found to coincide with Fraunhofer 
lines, and which therefore possibly exist in the sun’s atmosphere 
in smaller quantity and at a lower pressure. Lockyer’s addi- 
tion includes aluminium, strontium, lead, cadmium, cerium, 
uranium, potassium, vanadium, palladium, and molybdenum. 
Some investigators would add carbon to the lists, but its 
spectrum is so peculiar, consisting of bands rather than lines, 
that there is still some little doubt about it. 

Such evidence is held to prove that the body of the sun, 
the white surface of which we see, and which is known as the 
photosphere^ is surrounded by an atmosphere of intensely heated, 
but still, when compared with the photosphere, relatively cooler 
vapours \ that these vapours of themselves are capable of giving 
spectra showing their characteristic bright lines; and that 
therefore by absorption they give rise to corresponding dark 
lines in what would otherwise be the continuous spectrum of 
the more heated photosphere. As to the extent of this atmo- 
sphere, and the state of the vapours composing it, more will be 
said in the next chapter. 

71. TeUuric Lines. — While many of the dark lines in the solar spec- 
trum have been shown to be due to the presence of certain metallic vapours 
in the sun’s atmosphere, it has also been found that some are produced by 
absorption in our own atmosphere. Certain lines are observed to be faint 
at noon, and to get thicker and darker when the sun is near the horizon. 
Janssen, a celebrated French physicist, clearly proved in i866 that most of 
these atmospheric lines are really due to aqueous vapour. This he did by 
examining the spectrum of a large gas-flame after the light had passed 
through 1 18 feet of steam enclosed in a tube. The steam caused various 
groups of lines to appear in the otherwise continuous spectrum, these lines 
being the same as those which were strengthened at sunset. The influence 
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of the weather on these lines is distinctly apparent, for in a moist atnn^- 
sphere they are more strongly marked than during a cold dry wind. There 
is a particular group of these atmospheric lines which appears in small 
spectroscopes as a dark band lying on the red side of the D lines. In dry 
weather this band is indistinct, but before rain the band becomes consider- 
ably stronger. Hence it is known as * the rain band,’ and may be used as 
a means of prognosticating the weather. Quite recently Janssen has also 
been able to prove, what had before been surmised, that the Fraunhofer lines 
A, B, and a are due to the absorptive action of the oxygen in our atmosphere. 

This he did by examining the solar spectrum at a great altitude on the 
side of Mont Blanc. The much smaller amount of atmosphere at this 
height so much enfeebled these lines as to leave little doubt that they 
would disappear could the influence of the atmosphere be wholly elimi- 
nated. A later experiment, made at night by passing the electric light 
from the Eiffel tower to the observatory at Meudon, showed that these lines 
were introduced into the spectrum of this light by the fourteen miles of 
atmosphere through which the beam passed. Messrs. Liveing and Dewar 
have recently examined the absorption spectrum of oxygen under high 
pressure in steel tubes, and have obtained the oxygen lines and bands quite 
clearly. It thus appears that light passing through a thick stratum of a 
colourless gas may be subject to selective absorption. 

It may be well to remind the student that the solar spectrum, seen in a 
powerful instrument, furnishes several thousand dark lines, and that many 
of these have not yet been fully accounted for. 

72. Wave-lengths of Light Hays. — In speaking of any particular part 
of the spectrum we may refer it to one of the well-known Fraunhofer lines, 
or to the number on Kirchhoff s scale. In constructing his map of the solar 
spectrum Kirchhoff referred to the various lines by numbers based on the 
arbitrary scale which he adopted ; a scale, therefore, dependent on the con- 
struction of the instrument which he used. But the most exact way is to 
give the actual wave-length ‘ of the ray of the light about which we are 
speaking. As this is a natural number, independent of the kind of instru- 
ment used, lines are now usually so given in modern discussions. The 
wave-lengths of numerous rays in the solar spectrum, as well as the wave- 
lengths of the rays corresponding to certain Fraunhofer lines, have been 
calculated with great accuracy by means of diffraction gratings. Angstrom 
constructed a map of the solar spectrum from A to H in which every ray is 
noted in its absolute wave-length. To this he applied the term ‘ normal 
solar spectrum.’ These wave-lengths are exceedingly small. Expressed 


* According to the undulatory h)7pothesis the motions of the particles 
of ether in a ray of light are at right angles to the track of the ray, or the 



Fig. 68. 


line in which the ray is advancing. Thus, in the figure, R s is the direction of 
a ray of light ; the motion of the particles of ether is in the direction of ad; 
and the distance from one crest to another, as from a to is the length of 
the wave. 
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in millimetres, they may be giip' thus : For the ray corresponding to line 
B the length in millimetres - *0006867 ; c = *0006562 ; d' = *0005900 ; e ~ 
•0005269 ; F =5. *0004860, and so on for others. We may read these figures 
by saying that the wave-length of the line c is 6562 ten-millionths of a 
millimetre, or by leaving off the last decimal figure we may call the wave- 
length of C 656 millionths of a millimetre. It is usual, however, to express 
wave-lengths in ten-millionths of a millimetre (sometimes called tenth- 

metres, a tenth mkre being metres). "WTien we know the velocity of 

light V per second in any medium, and the wave-length \ of a given ray, 
the number of vibrations per second for any coloured ray may be found by 

dividing the velocity by the wave-length The number of vibrations 

X 

for each colour is constant. For the extreme red ray it is 392 billions, 
and for the extreme violet ray 757 billions. For the sake of brevity wave- 
lengths are usually expressed thus : X 6562, or X 656, according as the 
length is expressed in ten-millionths or millionths of a millim^re. 

The following table — derived, with some alterations, from Vogel’s 
* Spectralanalyse ’—will be found useful for reference, and gives the wave- 
lengths of some of the most important lines of the solar spectrum, and also 
indicates the substance whose glowing vapour furnishes the corresponding 
bright lines. A complete list of all the lines whose wave-lengths have 
been measured is given in Dr. W. M. Watts’s * Index of Spectra.* The 
student will find it useful to remember that the lines marked A, B, and a in 
the red are due to the absorptive action of the oxygen in our atmosphere ; 
that the line c is the brightest line of hydrogen H a ; that the two D lines 
in the orange-yellow are due to sodium ; that the group of lines E contain 
several due to iron ; that at in the middle of the green, are two or three 
lines ascribed to magnesium ; that just where the green begins to have a 
blue tinge is f, the second line, of hydrogen ; that between F and g 
is the third hydrogen line H7; that at G and in its neighbourhood are 
several more lines due to iron ; tbat between G and h is the fourth hydrogen 
line h 5 ; and that the lines called 11, and Hg are both ascribed to calcium. 
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73. Some Difficulties of Spectrum Analysis.—lt appears from what 
has been said that spectrum analysis enables us to determine the chemical 
composition of matter when in a state of gas or vapour, and with such 
gases or vapour as are produced in our laboratory experiments there is 
no difficulty whatever in making this determination. But it must be borne 
in mind that the artificial variations in temperature and pressure that we 
can bring about are not likely to be co-extensive with the great range of 
variations that exist in connection with the sun and some of the other 
celestial bodies. There is, therefore, a difficulty in finding spectra to 
match completely those we obtain on submitting the light from those dis- 
tant orbs to the action of our instruments, and it is not always easy to 
determine the amount and value of the correspondence between a celestial 
and a laboratory spectrum. Moreover, the spectrum of some of the 
heavenly bodies is a complex spectrum, being in part a continuous spectrum 
ciossed by dark lines, and in part a spectrum of bright lines from vapours 
glowing with intensity of heat. Such a spectrum must come from an in- 
candescent solid or liquid body which is surrounded by glowing vapours 
some of which are cooler and some of which are hotter than the hot body 
beneath. This kind of spectrum will consist of dark lines, bright lines, 
and strips of continuous spectrum, and to understand fully this spectrum 
is a matter of considerable difficulty. It is not always easy to say whether 
a narrow bright strip is due to a glowing gas, or is merely a part of the 
continuous spectrum between two absorption bands, or v/hether a narrow 
dark strip is dark absolutely thiough the cutting out of rays, or only dark 
relatively to the brighter parts on each side. Notwithstanding these diffi- 
culties, the powerful instruments now in use, and the extensive observations 
and experiments that are constantly being made, have enabled us to make 
much progress in interpreting the various spectra ; and much information 
hp been already gained about the chemical and physical constitution of the 
distant worlds. Some of this will be set before the reader in succeeding 
chapters. 

74. Summary of the Facts of Spectrum Analysis.— A spec- 
trum is simply the light proceeding from a body spread out or 
dispersed by refraction. This dispersion can be effected by 
sending a narrow beam of parallel rays through a prism placed 
in a suitable position, and depends on the fact that white light 
consists of a multitude of rays differing in colour, and the 
various lints of colours having different wave-lengths, and 
suffering unequal retardation in the denser medium of the 
prism, are consequently deflected from their course in different 
degrees. The longest and slowest vibrations (the red) undergo 
the least deviation, or are least refrangible, while the shortest 
and quickest vibrations (the violet) undergo the greatest devia- 
tion, or are most refrangible. . There are two chief classes of 
spectr^ Emission or Radiation Spectra and Absorption Spectra. 
Emission Spectra are produced by the light which is given out 
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or radiated by various glowing substances, and which proceeds 
directly to the prism. According to the physical condition of 
the radiating body, the emission spectrum produced is either 
a continuous band of colour of every tint (a continuous spec- 
trum), or it is an interrupted spectrum consisting of bright- 
coloured lines on a dark background (a discontinuous spec- 
trum). 

Absorption Spectra are produced by white light passing 
through the relatively cooler vapours of various substances in 
its path to the prism. Such vapours sift out certain rays, so 
that these spectra show dark lines or bands on a bright back- 
ground. 

As the spectrum of every solid and liquid luminous body 
is a continuous band of colour, little information can be learnt 
from such a spectrum. When speaking of the spectrum of a 
metal, therefore, it must be understood that the spectrum of 
its vapour is meant. Spectroscopic Analysis is chiefly occupied 
by the quality of light emitted by substances when in a state 
of glowing vapour, or with the effect produced by such vapour 
when light from a hotter source passes through it. In a 
mixture of vapours each one produces its own separate effects, 
and for any one temperature each vapour has its own spectrum 
of lines or fluted bands. Spectrum Analysis is thus a method 
of analysing the light proceeding from any source so as to 
ascertain what rays are present and what rays are absent, and 
thus to learn the chemical composition and physical state of 
the radiating or absorbing substances. The following numbered 
statements embody the main facts set forth in this chapter. 
Their fuller application to the sun and the other heavenly 
bodies will be explained in the sequel. 

1. All incandescent solid and liquid bodies give a con- 
tinuous spectrum, ue, a spectrum in which all kinds of rays are 
present, and in which the band of colour shows no dark lines 
or gaps. Such a band really consists of a multitude of images 
of the slit of the spectroscope ranged side by side without any 
break. 

2. Glowing gases and vapours, on the other hand, generally 
give a discontinuous spectrum made up of bright-coloured lines- 

H 2 
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on a dark background. The same substance under similar 
conditions (and often under different conditions) gives the same 
set of bright lines, and as these lines are characteristic for each 
substance, and as each substance, when two or more are present, 
produces its own spectrum independent of the other, an in- 
spection of a bright-line spectrum may teach us the chemical 
composition of the glowing vapour or vapours that produce 
the spectrum. 

3. Alteration of pressure and temperature often produces 
distinctive changes in the spectra of gases. Increase of pres- 
sure usually leads to a widening of the lines, while, under some 
circumstances of temperature and pressure, the spectrum of a 
gas consists of a number of bands, sharply defined on one side 
but gradually fading away on the other. Under a very high 
pressure, the spectrum of a gas may be continuous. Hence a 
spectrum may teach us not only what substance we are inves- 
tigating, but it may also give us information as to the state of 
the substance with reference to temperature and pressure. In 
general, a spectrum of fluted bands proceeds from a vapour 
which is cooler than a vapour giving a spectrum of fine bright 
lines. Line spectra show variations in the relative intensities 
of their lines, and new lines are often brought out at high 
temperatures. 

4. To observe the emission spectra given by some of the 
heavy metals such as those in the iron group, the high tem- 
perature produced by the electric arc or spark is required. The 
metal thus volatilised gives its spectrum of bright lines along 
with those due to the incandescence of the components of the 
air. The spectrum of a metal thus produced furnishes us with 
long and short hii^t lines, the short lines being confined to the 
hottest portions of the arc, and the long lines stretching right 
across the field. These long lines are the most persistent, as 
the temperature or the quantity of the substance is reduced. 

5. The light reflected from an opaque body gives the same 
spectrum as it would have given before reflection ; but if the 
opaque body be surrounded by an atmosphere of gases (as 
some of the planets), the reflected light may show dark lines 
added by the absorption of this atmosphere. 
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6. If light be reflected from a body that is itself luminous, 
the spectrum formed will be compounded of the reflected light 
and the light from the luminous body. 

7. Each gas or vapour absorbs, from white light passing 
through it, just those rays of which its own spectrum consists, 
provided the gas or vapour is at a lower temperature than the 
body emitting the white light. The spectrum of white light 
which has thus been transmitted through a gas or gases is a 
reversed or absorption spectrum, and exhibits dark lines coin- 
ciding exactly in position with the bright lines of the absorbing 
substances. 

8. The spectrum of sunlight, taken as a whole, is an 
absorption spectrum, consisting of a band of colour from red 
to violet, crossed by numerous dark lines known as Fraunhofer 
lines, the highly-heated vapours surrounding the more intensely 
white-hot surface of the sun, each absorbing the vibrations that 
beat in unison with its own from the continuous spectrum of 
the white light which would be produced in the absence of 
these vapours. In this way we can account for a large number 
of those dark lines in the solar spectrum which are not pro- 
duced by the absorptive action of the gases of our own atmo- 
sphere. The coincidences of these dark lines with the bright 
lines of the spectra of certain metals, as seen when the solar 
spectrum and the metallic spectrum are placed side by side, or 
as ascertained by measuring the wave-lengths of these lines, 
are so striking as to lead us to infer the presence of the follow- 
ing elements somewhere in the sun^s atmosphere (see par. 89), 


Elements certainly present in the 
sun, as first shown by Kirchhoff, 
Angstrom, and Thsden, 

Sodium, Iron, Calcium, Magne- 
sium, Nickel, Barium, Hydro- 
gen, Copper, Chromium, Co- 
balt, Manganese, Titanium. 

Elements whose longest lines cer- 
tainly coincide with Fraunhofer 
lines, as shown by Lockyer. 

Aluminium, Strontium, Lead, Cad- 
mium, Cerium, Uranium, 
Potassium, Vanadium, Palla- 
dium, Molybdenum. 


9. Slight displacements in the position of certain lines in 
a spectrum have been used to indicate motions of approach to, 
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or recess from, the earth \ a displacement of a line towards the 
violet end of the spectrum signifying approach, and a displace- 
ment of a line towards the red signif5dng recess. 

We thus see that spectrum analysis is a method of analysing 
the light proceeding from any source, so as to ascertain what 
rays are present and what rays are absent, and thus to learn 
the nature of the body emitting the bright rays, as well as the 
nature of the absorbing substances through which the rays 
from the light source have passed before reaching the spectro- 
scope. A beam of light of extra-terrestrial origin may therefore 
be compared to a telegram from a distant world, informing us 
of the elements that compose it, of the changes taking place 
in it, of the vapours by which it is surrounded, and of the 
motions that hurry it through space. 


CHAPTER V. 

THE PHYSICAL AND CHEMICAL CONSTITUTION OF 
THE SUN 

75. To the inhabitants of the earth and to those of the 
other planets, if there be any, the sun is the most magnificent, 
as well as the most important, object in the universe. All the 
planets move in their orbits under the influence of its attrac- 
tion, and from its rays is derived the energy which produces 
every form of motion on their surfaces, whether manifested in 
lifeless matter or in living organisms, excepting only the greater 
part of tidal action and the activities due to internal heat. 
(< El. Phys.* 43.) Yet the sun is but one of the countless stars 
of the vast universe, one of those self-luminous bodies which 
consist of a mass of incandescent vapour sheathed in photo- 
spheric clouds. 

76. Distance and Dimensions of the Sun. —In a later chap- 
ter will be explained the methods by which the ptean distance 
of the sun from the earth has been found to be 92,890,000 
miles. That this distance is variable is proved by the variations 
of its apparent diameter when accurate measurements are made 
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of this at different times of the yean About July ist the 
apparent diameter is least, 31' 31", and about Dec. 31st the 
apparent diameter is greatest, 32' 35-6". Hence we conclude 
that the earth’s orbit is not a perfect circle, and that the sun is 
most distant from the earth on the first date and nearest at 
the later date ; for we cannot suppose the sun’s magnitude 
has such a periodic variation. Its mean apparent diameter 
may be taken at 32 '0*05’'. Having ascertained the distance of 
the sun and its apparent diameter we find its real diameter to 
be 866,500 miles, lop^- times the diameter of the earth ; one 
second at the sun corresponding to 450*35 miles. Since the 
surfaces of spheres are proportional to the squares of their 
radii, the surface of the sun exceeds that of the earth in the ratio 
of (109*5)2 to ; that is its surface is nearly 12,000 times the 
surface of the earth. The volumes of spheres are in proportion 
to the cubes of their radii, and the cube of 109*5 is about 
1,300,000. Thus the volume of the sun occupies more than a 
million times the space occupied by the matter of the earth, so 
that, were the earth placed in the centre of the sun, the orbit of 
the moon would extend but little beyond half-way to the cir- 
cumference of the sun. But though the volume of the sun 
exceeds that of the earth 1,300,000 times, yet its mass^ or the 
quantity of matter contained in it, is only 332,000 times that 
of the earth. How the mass of the sun is found is explained 
in Chapter XIII. We see that the density of the sun must be 
much less than that of the earth. If we divide its mass, as 
compared with the earth, by its volume, as compared with the 
earth, we get the fraction *255. Hence the sun’s density is only 
about one quarter of the earth’s density. To find its specific 
gravity^ or density compared with water, we multiply *255 by 
5*5, the earth’s density with water as the unit, and this gives 
1*44, showing that the sun is not quite times as heavy as 
water. To compare the force of gravity on the surface of the 
sun with the same force at the surface of the earth, we must 
divide its mass compared with the earth, 332,000, by the square 
of its radius, 109^, and from this we learn that its superficial 
gravity is 27*6 times that of the earth. This means that a body 
would weigh on the surface of the sun 27*6 times what it weighs 
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on the surface of the earth, and would fall in one second 27-6 
times the distance it falls in the same time on the earth — that 
is, 27*6 times 16 feet in the first second. 

The estimate of the sun’s density given above, i *44, compared with 
water, is based upon its volume as given by the diameter of the photosphere, 
the bright disc usually regarded as its exterior surface. Professor Lockyer 
includes in its volume the extensive layers of the sun’s atmosphere which 
he believes to exist outside the photosphere. An atmosphere of 100,000 
miles would nearly double the volume, and, the mass remaining the same, 
would reduce the density by one-half. By taking in the corona as belong- 
ing to the sun’s atmosphere, and assuming its height to be half a million 
miles above the photosphere. Professor Lockyer increases its volume ten 
times, and the density is reduced to one-tenth of the figures given above. 

77. General Idea of the Physical Nature of the Sun. — 
Before proceeding to describe the various parts of the sun it 
will be advisable to obtain some general notion of the body we 
are about to study. Fig. 69, which is merely a diagram and 
not a drawing, will assist the reader in conceiving of its various 
parts. 

1. The Photosphere, — The bright luminous surface seen by 
the eye or visible in a telescope is known as the photosphere, a 
word which simply means ‘ sphere of light.’ The body of the 
sun is generally thought to be of a gaseous nature, though the 
gases forming the body must have a far higher degree of con- 
sistence than those known on the earth, while the photosphere 
is regarded as a radiant shell of cloud-like structure ‘ formed by 
condensation into little drops and crystals (like the water-drops 
and crystals in our terrestrial clouds) of certain substances which 
within the central mass of the sun exist in a gaseous form.’ 
The photosphere seen in the telescope shows a mottled or 
granulated appearance in all places where it is not occupied by 
the relatively dark spots, or by the brighter streaks known as 
faculce, 

2. T?ie Chromosphere and Prominences, — Just outside the 
photosphere is a comparatively shallow envelope of gases which 
rise here and there into prominences of various shapes. This 
envelope is known as the chromosphere, or ‘ sphere of colour,’ 
because when seen at the time of a total eclipse, it appears in 
tints of pink and scarlet. Though the chromosphere and its 
prominences are invisible even to the telescope, except during 
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a total eclipse, owing to the overpowering illuminak^ of our 
own atmosphere, yet its form and extent can be studi^^'at, ali 
times by means of the spectroscope. 

3. The Corona . — Invisible in the telescope, and unrecognised 
by the spectroscope, except during a total eclipse, there exists 



above the chromosphere another far more extensive envelope 
known as the corona. When the dark body of the moon shuts 
off the light of the photosphere at the time of a total solar 
eclipse, the corona is seen as a bright white halo or aureole of 
light surrounding the eclipsed sun. We will now consider these 
various parts — the photosphere with its spots and faculse, the 



to6 Advanced Physiography 

chromosphere with its prominences, and the mysterious corona 
— in more detail. 

78. The Photosphere. — When the eye is suitably protected 
from the intense light and heat of the sun, its surface may be 
examined directly through the telescope, or, by projecting the 
suifs image upon a suitable screen firmly fixed at the proper 
distance behind the eye-piece of the telescope, the image may 
be viewed by the unassisted eye. Photography has also been 



Fjg. 70. From a Photograph by Warren de la Pue. Photosphere with Farula* 
shown round the Spot near the Limb. 

used with great advantage in solar studies, a picture of the sur- 
face being obtained by a proper instrument in a small fraction 
of a second. With a telescope of low magnifying power, the 
sun's surface looks like rough drawing-paper, while in more 
powerful instruments the photosphere appears to be made up 
of luminous masses on a darker background, like snowflakes 
on grey cloth. These brighter* portions are of irregular shape, 
nearly as broad as long, and are known as * nodules,' * dots,' 
granules,' ‘ rice grains,' ‘granulations,' &c. The photographs 
of M. Janssen show the texture of the sun's photosphere at the 
moment of exposure very satisfactorily. An examination of such 
a photograph proves that the luminous parts consist of brilliant 
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granules or cloudlets with darker spaces intervening. From this 
we see, leaving aside the larger spots, that the luminous surface is 
not continuous. In fig. 71 it will be noticed that some parts 
appear blurred, and in a photograph of the whole solar disc this 
network of hazy areas produces an appearance known as the 
‘photospheric network.’ They are regions where the bright clouds 
that form the granules are situated somewhat lower than in the 
other parts. The granules or more brilliant parts of the photo- 
sphere are believed to consist of clouds forming the dome-like 



Fig. 71.— a portion of the Sun’s Surface, showing the ‘ Solar Granules.' 
Photographed by Janssen, 1877. 


ends of ascending and condensing currents of highly heated 
vapours, and the dark interstices or ‘ pores ’ between them pos- 
sibly indicate descending cooler material. It should be noticed 
that the brightness of the sun’s disc is nearly three times greater 
at the middle than near the edge or limb. This diminution of 
luminosity may be readily noted by observing the sun through 
smoked glasses, and is even more markedly seen in photographs 
of the whole disc. It is doubtless produced by the absorbent 
action of the sun’s own atmosphere, as the light from near the 
edge of the disc will pass on its way to us through a greater 
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thickness of this atmosphere. Without this atmospheric ab- 
sorption the disc would be of uniform brightness in all parts, 
like that of the moon. The bright streaks called ‘ faculce ’ (Lat 
facula, a torch) arc best seen near the edge of the photosphere. 
They are really elevations of various shapes, produced by the 
aggregation of a number of the granules of the photosphere so 
that they form the highest and brightest parts of the photosphere. 
They are most frequent in the neighbourhood of spots, and 
most conspicuous towards the edge of the sun. As they are 
also, generally speaking, most abundant when the spots are most 
numerous, there appears to be some association between the 
two phenomena. Their development, however, always follows 
that of the spots. 

79. Sun Spots.— The bright photosphcric clouds appear to 
form the upper parts of a luminous sea of incandescent parti- 
cles — a sea agitated by violent 
storms, full of mighty currents, 
ascending and descending, and 
at times torn open by violent 
explosions. Such rents in the 
bright surface give rise to the 
relatively dark patches known 
as .spots. A fully formed spot, 
before it has begun to break 
up, is sometimes sp.oken of as 
a normal sun-spot. Such a 
spot, as may be seen in fig. 72, 
exhibits a somewhat rounck‘d 
dark central portion called the 
wnbra^ fringed by a less dark border with bright filaments 
directed radially, called the penumbra. 'The blackest portion 
of the umbra near the middle is spoken of as the iiuclem. 
Such spots, however, are rare, for most of them arc of irregular 
shape, being often grouped together so that the umbra ajipears 
crossed by bright streaks proceeding from the photosphere 
termed 'bridges.* A spot begins from a mere point, rapidly 
increases in size, generally develops its penumlira after the 
nucleus, frequently begins to break up in a short lime, the 



Fig. 72. -Solar Spot with Radial Fur- 
rows in the Penumbra, and Bridges b 
tJ*-» Nucleus, 



Physical and Chemical Constitution of the Sun I0§ 

segmentation being usually ejBfected by a bridge, and finally 
disappears through the inflowing of faculous matter from the 
photosphere. Sometimes a new spot breaks out in the place 
where one has but just disappeared. The penumbra seems to 
consist of granules of photospheric matter lengthened out and 
drawn into the dark umbra. This appearance has been likened 
to * thatch straws.’ Spots are of various sizes, the umbra alone 
varying from i,ooo miles to 50,000 miles. Fig. 73 shows g 
spot whose diameter was four and a half times that of the earth 



Fig, 73.— Solar Spot of July 30, 1863. (After Secchi.) 


‘ In the midst of this chaos four centres of motion seemed to 
be distinguishable. To the left, at there appeared a wide 
gaping chasm, around which tongues of flame were entwined 
in various directions. In the upper part, at was a second 
centre, smaller than the first, which was sharply defined at the 
upper edge, and at the lower edge was similarly bordered by a 
multitude of flaming tongues. To the right, at tr, yawned a wide 
rift in the form of an 5, over which stretched tongues of fire, 
and loose fragments of luminous matter. Finally, in the lower 
part, on a level with was another elongated and convoluted 
chasm, the confused turmoil of which defies description. In 
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the part central to these four cavities was gathered a mass 
of faculse and fiery matter, having the appearance of a boiling 



Fig. 74,— Tnt Greuc Solar Spot of 1865 (from October 7 to October 16 % 


cauldron. Everything connected with the spot was in a state 
of stormy and tumultuous movement.’ — Secchi. The great 
changes that often take place in a solar spot are well illustrated 
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in the four drawings of a large spot of more than 40,000 miles 
in area, that was carefully watched in 1865. No. i thows its 
form on first appearing at the eastern or left limb of the sun. 
It is there seen of an elongated form, surrounded by a bright 
ridge of faculse. In No. 2 it has moved nearer the centre, and 
the umbra and penumbra are both well marked. On Octo- 
ber 14 a nearly central view was obtained, and a well-marked 
bridge had formed across the nucleus. Further changes are 
seen in No. 4, which was drawn two days later. 



Fig. 75.— Showing that the Spots are Fig. 76.— Uhe great Solar Spot of April 19, 

Depressions. 1882, 3.30 p.m. Extreme length, 2^ o". 

Mean breadth, o' 45". ^ .’.Area, about 
1,093,500,000 square miles. 

79rz. Botation of tEe San. — The same spot may sometimes be observed 
to begin on the eastern limb, to move right across the disc and disappear 
on the western side, and to leappear on the eastern limb in the course of 
about fourteen days, passing across a second time during the lapse of 
another fourteen days. This phenomenon proves not only that the spots 
are connected with the surface of the sun, but that the sun revolves round 
an axis. The average time taken by a spot on the equator in setting out 
fiom a certain position and returning to the same place is 27i days. By 
making allowance for the distance moved over by the earth in its orbit 
dming this interval, the true time of the sun’s rotation has been found to 
be 25 days. The curious fact, however, must be noted, that the time of 
rotation varies with the latitude of the spot, being least at the sun’s equator 
and two days longer (27 days) in latitude 40® N. or S. This appears to 
show that the sun docs not, like the solid earth, rotate as one piece. That 
the spots are openings or cavities in the photosphere, and not, as some 
observers have supposed, elevations above the general surface, appeals 
evident from the perspective effects observed. As a spot moves from the 
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centre towards the western side, owing to the rotation of the sun, its 
penumbra gradually contracts on the side next the centre of the disc, 
and expands on the side next the limb, the contracting inner penumbra 
finally disappearing as the spot passes off the western limb. These effects 
can only be explained on the supposition that the spots are saucer-shaped 
depressions, and that the sloping sides are formed by the penumbral fila- 
ments. Occasionally, too, the spots are seen on the limb as notches or in- 
dentations in the photosphere, a further proof that they are situated at a 
lower level than the general bright surface. As mentioned above, the 
spots, besides being carried round by the sun’s rotation, seem to have a proper 
motion of their own, those near the sun’s equator moving more rapidly than 
those in higher latitudes, and some changing their latitude in a few days. 

As the paths of the spots across the sun’s disc are curved upwards m 
March and downwards in September, while in December and June the 
paths become straight, it is plain that the axis around which the sun 
rotates cannot be perpendicular to the plane of the ecliptic, for then the 
paths would always appear straight. The sun’s axis is inclined about 83° 
to the ecliptic, the southern end being tilted towards the position of the 
earth in March, and the northern end tilted towards us in September, 
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Fig. 77.-Path of Spots across the Sun's Disc and Position of Axis as seen from 
the Earth at diffeient parts of the Year. 


while twice a year the sun’s equator is presented to us as a straight line. 
To sum up—The sun rotates on an axis inclined about 7® (90°-S3°) from 
the perpendicular to the plane of the ecliptic, so that the spots are seen to 
travel from the eastern to the western edge. The time of axial rotation of 
the sun, or at least of the photospheric shell visible to us (as found by obser- 
vation of the spots, after allowing for the earth’s progress in its orbit in the 
same direction), is 25 days at its equator, but it increases with increase of 
latitude, 26 days in lat. 2f, and 27 days in lat. 40®. No complete ex- 
pljmation of this diminishing angular velocity of spots with increase of 
latitude has been given. (See note, p, 380.) 

Snn-spocs.— Various theories or explanations have been 
put forward to account for the phenomena of sun-spotl That both eruo 
tions from beneath and downpours from above occur in connection with 
spots is undoubted but it is not so easy to say which t°s 

regards solar spots as the result of internal convul- 
sions which lead to eruptions in the photosphere, and, as a consequence to 
adownpour of cooled and darkened vapours into the hollow thus Educed 
Describing this theoy. Miss Clerke says, * A sun-spot might then be de’ 
screed as a kind of inverted terrestrial volcano, m which the ou 1 1 mret 
of heated matter takes place on the borders instead of at the centre of 
the craier, while the cooled products gather in the centre instead of at the 
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border.’ The great objection to this theory is that we do not find evidence 
to show that emptions are the invariable commencements of the disturb- 
ances that originate spots, as this explanation requires. On the contrary, 
a dark speck is usually the first sign of the disturbance, while the faculoe, as 
before remarked, appear after the spot has fairly developed. This objection 
at least is obviated by Professor Lockyer’s theory, expounded in his work 
on * The Chemistry of the Sun.* He regards the solar coronal atmospheie 
as of ^eat height, and supposes a system of circulation in this atmosphere 
by which vapours passing outwards and upwards from the photosphere, are 
at last brought down in condensing showers upon the luminous surface. 
This descent of cool material, part of which maybe of meteoric origin, leads 
to the formation of the dark patches on the photosphere that indicate the 
beginning of a spot-disturbance. Moreover, the height of fall near the 
sun’s equator is much greater than that near the poles, and hence the 
region of large spots does not reach beyond 35° N. and S. , though pores 
and ‘ veiled spots,’ which are similar phenomena on a smaller scale, are 
seen in all parts. M. Faye has a cyclonic theory, and regards spots as 
gigantic whirlpools. ‘ He believes that, owing to the fact that different 
zones of the sun rotate faster than others, whirlwinds analogous to our ter- 
restrial cyclones, but on a vaster scale, are set in motion, and suck down 
the cooled vapours of the solar surface into the interior, to be heated and 
returned again, thus establishing a circulation which keeps the surface from 
cooling down.’ 

81. Distribution of Sun-spots.-— Sun-spots are not distri- 
buted over all localities of the sun’s disc, but are nearly 
confined to two zones on opposite sides of its equator and 
between the latitudes of 5 
and 40°. A few are occasion- 
ally seen on and near the 
equator, but none beyond the 
latitude of 45°. The greatest 
number appear about latitude 
15°, and there is a small excess 
in the northern hemisphere 
over those in the southern. If 
the sun’s axis were perpendicu- 
lar to the plane of the ecliptic, 
the spots, in traversing the sun’s 
disc, would alw'ays describe a 
straight line, but the path usually appears 10 us more or less 
elliptical. 

The angle between the plane of the solar equator an<J the 
ecliptic has been found to be about 7®. Hence during one por- 
tion of the year its south pole is inclined towards the earth and 

n. * 
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the spots describe oval paths with the convexity upwards, while 
during another portion of the year the north pole is inclined 
towards the earth, and the convexity of the oval paths is 
downwards. About the first weeks of June and December 
the plane of the solar equator passes through the earth, and the 
path of the spots becomes straight. Fig. 78 shows the spot- 
zones, and the true form of the apparent path in September. 

82. Spot-periods. — Careful observation has clearly shown 
that spots are much more numerous at certain times than at 
others, and that there is a general round of time or period^ from 
a minimum of spots, through a maximum to another minimum. 
This periodicity of sun-spots was first established by Schwabe 
of Dessau, who began his observations in 1826. After about 
twenty-five years of daily study he found that the spots ran 
through a cycle of growth and decay, in a period of time which 
was on the average about eleven years in length. This remark- 
able conclusion has been confirmed by other inquirers; n*i 
years being now given as the average. The subjoined figures 
will illustrate the above remarks, as well as show that the time 
of maximum is somewhat irregular, though it is always reached 
before the middle of the period. Thus the time from one 
maximum to another may vary from 10 to 12 years or even 
more. For the first period shown the number of spots is given, 
while for the second period the amount of spotted area in 
millionths of the sun’s visible hemisphere has been estimated. 


Year 

No of Spots 

Mean Daily 
Number of 
Prominences 

Year 

Amount of 
Spotted Area 

Mean Daily 
Number of 
Prominences 

1867 min. 

2 

f 25 


1878 min. 


[ 24 

2 

1 868 

rt 

lOI 


1879 

2 

49 

3 

1869 


198 


1880 


4x6 

7 

1870 

••t 

305 


1881 


730 

11 

1871 max. 


304 

IS 

1882 

m 

1002 

XI 

1872 


292 

12 

1883 max. 


U155 

9 

1873 

rt 

215 

9 

1884 


^1079 

II 

1874 

<u 

159 

7 

1885 


Six 

10 

187s 


91 

6 

18S6 

VS 

33i 

7 

1876 


57 

5 

1887 


179 

' 9 

1877 


i 48 

4 

1888 

VO 

89 

8 





1889 min. 


1 55 

3 
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It thus appears that towards the close of 1S89 there was a minimum 
period, and we therefore found that the next maximum spot-peiiod hap- 
pened some time in the year 1S93. ^ period of decline is now cooing on. 

By erecting twelve parallel vertical lines and making their heights 
correspond to the number of the spots of each year, we may, by joining 
their extremities, obtain a curve representing this eleven-yearly period, and 
showing that the maximum is nearer the minimum preceding than the one 
following. During a year of maximum 
the sun is never a day free from spots, 
thirty or forty being often seen at once, 
while during a minimum many days 
may elapse without a single spot being 
visible. Another important fact re- 
garding the spot distribution and pe- 
riod deserves notice. The solar activity 
which produces the spots formed in a 
sun-spot period commences about the 
time of minimum in two belts about 
30° to 35° on each side of the sun’s equator ; then, multiplying a little in all 
parts of the spot-zone, they soon reach a maximum at about 15° N. and S., 
after which the mean latitude of the spots constantly diminishes and the 
disturbance dies out near the solar equator between + 5° and — 5°. Some 
two years, however, before its disappearance a fresh outbreak of spots has 
again begun in the high latitudes, so that at a time of minimum there are 
two distinct spotted areas in each hemisphere, the one near the equator 
belonging to the expiring period, and the one about latitude 35® belonging 
to the newly banning period. 

83. Influence of Snn-spots on Terrestrial Phenomena. — A close con- 
nection has been established between sun-spots and the magnetism of the 
earth. A magnetic needle freely moving in a horizontal plane does not 
point exactly to the north, but diverges from the geographical meridian by 
an amount which differs at different places. This deviation from the true 
north is known as the declinaiion cr variation of the needle. At present 
the declination at Greenwich is 17° 26' W. But at any place this angle does 
not remain fixed, undergoing a change year after year. There is also a 
diurnal change of small amount, and it is with this that we are now con- 
cerned. The daily oscillation is of such a nature that the end of the needle 
which lies nearest the sun shows a slight tendency to direct itself towards 
this position, the north pole moving in our latitude every day from east to 
west a few seconds from sunrise to one o’clock, and then returning so as to 
reach its original position about iop.m., where it remains almost stationary 
till next morning. This small daily oscillation is greater in summer than 
in winter. Now the average amount of this daily oscillation at any fixed 
observatory increases and decreases as the amount of solar spots increases 
and decreases. This is clearly shovm in the diagram, reduced from Flam- 
marion’s ‘ Astronomic Populaire,’ the close correspondence in the upper 
curve of solar spottedness and the lower curve showing the diurnal mag- 
netic variation making it impossible to doubt some kind of connection. 

This coimection is strengthened by another remarkable fact. Sudden 
and irregular disturbances of the magnetic needle occasionally occur, caus- 
ing it to oscillate through several degrees in a short time. These * magnetic 
storms ’ as they are called, have be^ found to be preceded or accompanied 
by sudden changes in the condition of the sun’s surface, such as an outbreak 
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of sun-spots. Thus a remarkable magnetic storm was associated with a 
solar disturbance observed by Mr. Carrington in 1859 and also with the 
development of the great solar spot of April 1882.^ Magnetic needles and 
telegraph instruments were disturbed in various parts of the earth, and vivid 
auroras were seen in the skies, even in latitudes where they seldom appear. 
Indeed, curves of aurora frequently exhibit a close parallelism with the 
curves of magnetic disturbance and sun-spot frequency, all three phenomena 
showing an eleven -yearly period. Whether there is any connection or not 
with the earth’s meteorology as exhibited in the weather, is a much dis- 
puted point. Some writers have endeavoured to establish the influence of 



sun-spots on storms and rainfall, but this is doubtful. The sun, being in 
more energetic condition when spots are numerous, may be regarded as a 
variable star until a period of about eleven years, the period probaljly 
depending upon changes in the circulation of the sun’s atmosphere. 

The phenomena of aurora or polar lights (* Elem. Phys.,’ par, 289) 
have also curves of frequency con espoiiding with those of sun-spots and 
diurnal magnetic oscillations of the needle. The bond of union which 
thus connects together sun-spots, magnetic disturbances, and aurorm is 
difficult to explain. 


* See note, page 36S. 
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84. The Chromosphere. — Passing now to the region beyond 
the sun’s bright surface we find a gaseous envelope, lying 
immediately above the photosphere, which is usually known 
as the chromosphere (Gr. chroma^ colour). It is so called 
because, when seen for a very short time during a total solar 
eclipse, it appears as a border of scarlet or rose-tinted light, the 
colour being due to the glowing hydrogen which the spectro- 
scope shows to be its main constituent. In ordinary daylight, 
however, this less dense and rather cooler stratum resting on 
the photosphere, though hot enough to shine brightly, is quite 
invisible in presence of the brighter surface beneath it. The 
depth of this envelope, compared with that of the sun’s diameter, 
is but small, varying from 5,000 to 10,000 miles. It is not 
spherical, for its boundary does not appear circular, but wavy 
or serrated. * Its appearance has been compared very accurately 
to that of a prairie on fire ; but the student must carefully 
guard against the idea that there is any real “ burning ” in the 
case; i.e. any process of combination between hydrogen and 
some other substance. The temperature is altogether too high 
for any formation of hydrogen compounds at the sun’s surface.' 
— Young. The spectrum of the chromosphere is one of bright 
lines, proving that it consists of incandescent gases. The lines 
of hydrogen are most frequent and clear, but those of the 
gas helium, as well as those of magnesium, sodium, and other 
metals, can also be seen.^ (See Coloured Plate No. 10.) 

85. The Prominences.— Besides the chromospheric envelope 
there are seen, during a total eclipse, fiery-red cloud-like pro- 
tuberances of various forms, passing from the chromosphere. 
They are of various forms, extend in some cases beyond the 
limb of the sun to a distance of more than 70,000 miles, and 
frequently undergo rapid changes of shape. That the promi- 
nences are true solar appendages and do not belong to the 
moon is conclusively proved by the photographs taken at various 
phases of totality. These photographs show that the moon 
passes over them, first revealing those on the eastern side of 
the sun, and then, as the moon advances to the east, covering 
those up, and revealing those on the western limb. In fig. 81 we 
nave a view of part of the chromosphere with the prominences 

^ See note, page 369 
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springing out of it, as seen in August 1869, when Mercury was 
near the sun. The reader may put on the scarlet hue. 

Professor Lockyerand M. Janssen independently discovered, 
in 1868, a method of observing the prominences in full daylight. 
The image of the sun formed by the object-glass of an astro- 
nomical telescope is allowed to fall so that the edge of this 
image is just off the slit of a spectroscope s d (fig. 82). If there 
be a prominence springing from this part of the limb, we shall 



Fig. 81, — View of the Prominences seen during the Eclipse of August 1869. 


obtain its spectrum, together with the continuous spectrum of 
the illuminated air. Now the spectrum of the prominence is 
the spectrum of a glowing vapour, and consists of a few bright 
lines, chiefly those of hydrogen, and in some cases those of 
magnesium, sodium, and iron, while the spectrum of the 
illuminated air is really the spectrum of ordinary sunlight, and 
is therefore continuous. By increasing the number of prisms 
in the spectroscope, the continuous spectrum may be so 
elongated and weakened in intensity as to be almost invisible, 
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while the same amount of dispersion produces on the spectrum 
of the prominence only an increase of space between the lines, 
with a little loss of brilliancy. Thus the characteristic lines of 
a prominence may be seen in full sunshine. Not only can the 
lines of a prominence be thus seen in sunshine, but by passing 
the slit of the spectroscope over the prominence, the varying 
height may be mapped down, and from this the form of the 
prominence may be obtained. Moreover, the general solai 
light being sufficiently reduced in brilliancy, allows of the slit 
being so far widened that the form of the prominence becomes 
visible when one of its spectrum lines is in the field of view.^ 
Prominences have been divided into two chief classes (a) 
the quiet or cloud-like, and if) the eruptive, metallic, or jet 



Fig. 82. Fig. 83. 

The Spectroscopic Analysis of a Solar Prominence. 


and often appear like clouds in our own sky, or like plumes with 
a slender stem arising from the chromosphere. These often 
reach to enormous heights, and, though more enduring than 
the eruptive sort, are subject to rapid changes of shape. The 
spectroscope shows that these prominences consist chiefly of 
hydrogen, calcium, and the gas named ‘helium.’^ The 
eruptive prominences are very different both in appearance 
and character. They exhibit the highest intensity of action, 
shooting up at times simultaneously to great heights, and with 
a velocity exceeding loo miles per second. How this velocity 
is found will be dxplained presently. The tree-like prominence 
in fig. 84 was seen one day at half-past twelve o’clock, hut 
was found half an hour later to have exploded into fragments, 
while the small mass at a grew into a surging flame. Secchi 


1 

2 


See note, page 369. 

Helium has now been obtained from several minerals (see note, page ^09;. 
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says : * It would seem that in the jet-prominences a part of the 
photosphere is lifted up (or broken through), whereas in the 
case of the plumes only the chromosphere is disturbed. The 
spectrum of the jet-prominences indicates the presence of 
several elements besides hydrogen.’ It is interesting to inquire 
whether there is any periodic variation in prominence-activity 
similar to that observed in spot-activity. Such a variation has 
been found, and an analogous result appears to prevail regarding 
faculse. The fluctuations of spots, eruptions, and faculse are 
nut entirely simultaneous, yet they appear to stand in some 
kind of inter-relation, and to mark the curious undecennial 
(eleven-yearly) fluctuation of solar energy already set forth. 
The metallic lines seen in the spectra of prominences appear 
with greatly changed intensities, and are not the same as the 
lines that are most widened in spots. 



Fig. 84. - Prominences observed by Young. Fig. 85.— Prominence observed by Young. 


86. Association of Solar Phenomena.— Professor Lockyer, 
after constructing a diagram of curves summarising the results 
of Italian observations for the years 1881-1883, and after 
pointing out how closely the latitude of the maxima of spots, 
metallic prominences, and faculae correspond, remarks ; ‘When 
and where the spots are at the maximum, the faculse and the 
metallic prominences are at the maximum. If the maximum 
changes from north to south, as it does, in the spots, it changes 
from north to south in the metallic prominences, and from 
north to south in the faculae. So that, were we dependent on 
these diagrams alone, representing three years’ work, we should 
be driven to the conclusion that there is absolutely the most 
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intimate and important connection between spots, the metallic 
prominences, and the faculse ; and not only that, we reach finally 
the fact of the wonderful localisation of these phenomena upon 
the sun. The spots are never seen north or south of 40°. 
They are invariably seen in smaller quantity at the equator. 
Similarly, while the domes are small all over the sun, the 
brighter collections of them, the faculae, do not go very much 
farther than 40° north or south, and their minimum is also at the 
equator. The metallic prominences also never go very much 
beyond the spot region, and they also have a minimum at the 
equator. 

‘ But when we pass to the prominences of the quiet sort, that 
is not so. They, like the domes, and the pores, and the veiled 
spots, extend from one pole of the sun to the other ; so that, 
whatever it may lead us to, we are bound to consider that there 
is an intimate connection between spots, metallic prominences, 
and faculae, and that there is a great difference between the 
metallic prominences and the quiet ones.* 

On this quotation we must, however, remark that some 
astronomers do not admit the association to be so close as that 
printed above, regarding spots and protuberances as two dis- 
tinct manifestations of solar activity. Speaking of the solar 
prominences, Mr. Maunder says : ‘ Their records show that 
the variation in the number and size of the prominences does 
not proceed pari passu with that of the sun-spots, for though 
the period seems to be the same for both, the last maximum 
certainly fell later for prominences than for the spots. The 
prominences also do not correspond to the spots as to distribu- 
tion in latitude, but rather to the faculse.* The reader may 
judge for himself to some extent as to the amount of corre- 
spondence between spots and prominences by referring to the 
table in paragraph 82. 

87. The Corona. — Besides the chromosphere and the 
prominences, there is seen during a total eclipse, round the 
moon’s dark disc, a halo of light or ‘ crown of glory,* known as 
the corona. It consists of a bright inner light next the invisible 
sun, having a * greenish pearly tinge * or a ‘ silver whiteness,* 
which melts into an outer, fainter, but more distinctly radiated, 
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light of much greater extent. This ‘glory of radiant beams 
and bright streamers intersected by darker rifts ’ varies consider- 



Fjg. 86 .— The Corona during the EcUps-c of xbOo iFeiltUch), 


ably in brightness and form at different eclipses. The inner 
brighter portion is nearly annular, but the outer radiated portion 
is sometimes more or less quadrangular, the streamers being 



Fig. 87.--Drawmg of the Solar Eclipse of January i, 1S89. Observed in California. 


longest at the sun-spot zones. At the eclipses of 1867, 1878, 
and 1889, during epochs of sun-spot quiescence, the corona 
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was found to be less brilliant than at ordinary times, while a 
great wing-like extension, several times the diameter of the sun, 
was seen in the equatorial regions. Polar streamers or plumes 
around the poles, and curving away in opposite directions, were 
also a well-known feature of these eclipses. This form of 
corona appears, therefore, to be characteristic of a minimum 
sun-spot period (see fig. 87). In periods of maximum sun- 
spots a radiated corona (fig. 86) is the type seen. 

The illumination of the earth’s atmosphere prevents us from seoing the 
corona without an eclipsed sun, and \ve cannot place an artificial shadow 
outside our atmosphere. The moon does this for us during an eclipse, and 
thus keeps dark the part of the air through which the observer looks. 

88. Nature of the Corona. — It was once held by some that 
the corona was an optical phenomenon of our own atmosphere, 
or that it was due to luminous matter surrounding the moon. 
Geometrical consideration and the evidence of photographs and 
the spectroscope have disproved these views. Photographs of 
the same eclipse taken at stations widely separated show such 
identity of detail as to prove that it cannot be due to the 
atmosphere of the observer. Bright lines in its spectrum prove 
that it contains a self-luminous gas, and no such gas is revealed 
near the moon, nor in our own atmosphere. It must, therefore, 
be an illuminated appendage surrounding the sun on all sides. 
Its light, which is usually twice that of the full moon, consists 
of three kinds, as is shown by the spectroscope : (i) light which 
gives a faint continuous spectrum and indicates the presence of 
particles of solid or liquid incandescent matter ; (2) light which 
is resolved by the prism into bright lines, and indicates the 
presence of luminous gas probably surrounding the particles. 
The most conspicuous bright line in the spectrum of the corona 
is a green line at 1474 on the scale of KirchhofPs map (X5316). 
The origin of this line is unknown, no terrestrial substance 
giving it. The name coronium has been proposed for the sub- 
stance producing it. Other bright lines are due to hydrogen, 
(3) Reflected sunlight scattered from the particles in which 
some observers have detected a few Fraunhofer lines. The 
matter of the corona must be in a state of extreme tenuity, for 
comets have been known to pass through it without any dis- 
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turbance of their motion being detected. Some of this matter 
is probably meteoric, though matter ejected from the sun and 
usually falling back upon it must also be concerned. The 
gaseous matter appears to suffer electrical repulsion similar to 
that acting on the matter raised from the head of a comet. The 
analysis of its light suggests, in the words of Professor Young, 
that the corona is a true solar appendage, ‘ an intensely hot but 
excessively attenuated cloud of mingled gas and fog and dust 
surrounding the sun, formed and shaped by solar forces.’ 

89. Fiirther Spectroscopic Examination of the Sun.— We 
have explained, in a previous chapter, the principles of spectrum 
analysis, and have shown how the spectra of various terrestrial 
substances, when compared with the solar spectrum, prove the 
presence of these substances somewhere in the sun’s atmosphere. 
The mode of proof consisted in establishing the remarkable 
accordance in position between the bright lines furnished by 
the glowing vapours of terrestrial elements and the dark lines 
of the solar spectrum. This solar spectrum was produced by 
submitting sunlight as a whole — that is, sunlight from any 
portion of its surface — to the dispersive action of a prism. A 
list of the elements thus identified as present in the sun is 
given in par. 70. But there remain several other points con- 
nected with the solar spectrum which we must now consider. 
In what parts of the sun’s atmosphere do these elements exist ? 
In other words, where does the absorption of certain rays of 
the white light from the photospheric clouds — the reversal of 
those bright rays which give rise to the Fraunhofer lines, take 
place ? It must, as already explained, be in some part or parts 
of the sun’s atmosphere, where there are the vapours of these 
elements glowing ; but at a lower temperature than that of the 
white-hot solid or liquid particles giving the ’white light. Ac- 
cording to some, these relatively cooler absorbing vapours form 
a stratum of about 600 miles in thickness close to the photo- 
sphere. In this stratum of mixed vapour called the * reversing 
layer ’ the missing rays are assumed to be arrested because the 
spectrum of this envelope, when obtained apart from that of 
the sun’s bright disc during a total eclipse, gives bright lines 
corresponding to the dark lines produced by its absorption 
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when there is no eclipse. But Mr. Lockyer doubts the exist- 
ence of this shallow ^ reversing layer/ and reports observations 
made during the total eclipse of 1882, of long faint lines in the 
higher regions of the sun’s atmosphere. This would show that 
the Fraunhofer lines of the ordinary solar spectrum are pro- 
duced by the combined absorption of all parts of the sun’s 
atmosphere, and in Mr. Lockyer’s view this atmosphere is very 
extensive and is composed of ‘ true strata/ each being at a 
higher temperature and of simpler composition than the one 
above. 

We have hitherto spoken chiefly of the accordances between 
so many lines of terrestrial spectra and the dark lines of the 
solar spectrum, but we must remember that only about one- 
tenth of the solar lines have yet been identified. Further, most 
terrestrial elements that have been found to give evidence of their 
existence in the sun furnish spectra containing some lines not 
found in the solar spectrum, or some that differ materially 
in relative intensity. Now, we know that the spectra of most 
elements show considerable dififerences under varying conditions 
of temperature and pressure in the laboratory (par. 68). Hence 
the grave discordances and the number of unmatched lines in 
the solar spectrum indicate differences between solar conditions 
and the conditions under which the elements can be experi- 
mented upon in the laboratory. So that, when we say that 
hydrogen or calcium exists in the sun, we do not necessarily 
mean that it exists, as we know it, on the earth. It may be 
that the differences are only due to the different molecular 
grouping; and the different states of vibration of the atoms 
forming the substance, when subjected to the temperature of 
the laboratory, and when subject to the fierce heat of the sun. 
But Mr. Lockyer maintains that the discrepancies between solar 
and terrestrial spectra can only be explained by supposing that 
the substances we call ‘ elements ’ are decomposed or dissociated^ 
and that ‘if the terrestrial elements exist at all in the sun’s 
atmosphere, they are in process of ultimate formation in the 
cooler parts of it.’ This ‘ dissociation hypothesis ’ is also made 
to account for the absence of the non-metals, nitrogen, chlorine, 
from the lists of elements present in the sun \ for the 
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intense solar heat is supposed to separate them into simpler 
constituents, whose spectra we do not recognise. But here 
^ain it may be said, the apparent absence of these elements 
may possibly be explained by the hypothesis that the molecular 
states of these elements in the sun may be other than those 
with which we are acquainted, and therefore may produce 
spectra, even without dissociation, that are unknown to us.' 

90, Spot Spectra. —A sun-spot is only dark as contrasted 
with the bright surface of the sun^s general disc, and it has 
been proved that even the blackest part gives out more light, 
surface for surface, than the full moon. Hence it produces a 
spectrum much fainter than that of the general surface. But 
this is not the only difference. Some of the lines appear much 
thicker or wider than usual, and also much darker, thus in- 



the Spectrum of a Fig. Sg.-— Reversal of the D-lines in a 

Spot. Spot. 

dicating that the gases are cooler or denser than usual, and that 
there is greater absorption (fig. 88). At times, however, some of 
the dark lines disappear, or even become bright, either change 
indicating a great increase of temperature (fig. 89). New lines 
also frequently make their appearance in a spot-spectrum. But, 
more curious still, only a few of the lines of a chemical element 
out of those visible are widened in a sun-spot, and the most 
widened lines change with the sun-spot period. ‘At, and 
slightly after, the minimum, the lines are chiefly known lines of 
the various metals. At, and slightly after, the maximum, the 
lines are chiefly of unknown origin.’ This curious behaviour is 
used by Mr. Lockyer to support his theory of dissociation in 
his work on ‘ The Chemistry of the Sun.’ The accompanying 
illustration will help the reader to understand the ordinary 

^ See note, page 370. 
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sun-spot spectrum as far t 
as it can be illustrated i 
without the prismatic 
colours. The dark stripe 
is the spot-spectrum and 
shows clearly the increase 
in width of the lines and 
the appearances of addi- 
tional dark ones. In the 
lowest part is the spec- 
trum of a bright bridge, 
and the c and f lines of 
hydrogen are intended 
to be indicated in it as 
bright by the faint double 
lines. Finally, the thick- 
ened lines of a spot- 
spectrum, especially the 
F line of hydrogen, be- 
come somewhat dis- 
placed and are often 
broken, bent, and fringed 
in a singular fashion.^ 
This displacement and 
distortion of lines is in- 
dicative of motion in the 
gas streams of the sun, 
as we will now explain. 

* On this subject Profes- 
sor Young observes : * In the 
motion-distortions of lines 
Lockyer finds strong confir- 
mation of his ideas. It not 
unfrequently happens that in 
the neighbourhood of a spot, 
certain of the lines which 
we recognise as belonging^ to 
the spectrum of iron ^ve 
evidence of violent motion, 
while close to them, other 
lines, equally characteristic 
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91. How the Spectroscope indicates Motions of Approach 
and Eecession. — By the application of a principle first suggested 
by Doppler in 1842, it has been found possible on accurately 
measuring the displacement of the spectrum lines of a source 
of light, to determine whether this source of light is ap- 
proaching or receding, and at what rate it is moving. The 
principle is that when a body emitting regular vibrations is 
coming rapidly towards us, then the number of waves received 
by us in a second is increased, and consequently their wave- 
length is diminished. An opposite effect is produced when 
the vibrating body is rapidly receding. This has often been 
illustrated in the case of sound. The whistle of a railway engine 
in rapid motion towards an observer causes the tone to rise in 
pitch, owing to the increased number of air-vibrations that fall 
upon the ear in a second, while the pitch falls as the engine moves 
away although the note sounded may have remained the same. 
‘As the various tones of sound depend on the rapidity of the air- 
vibrations, so the varieties of colour are regulated by the number 
of ether-vibrations. If, therefore, a luminous object, as, for 
instance, the glowing hydrogen of a prominence, be receding 
rapidly from us, fewer waves of ether will strike the optic nerve 
in a second than if it were stationary.’ On observing a dis- 
placement, then, in one of the hydrogen lines of the solar 
spectrum, say KjS A.4860 situated at F in the greenish-blue, 
when the neighbouring dark lines suffer no displacement, 
we can safely refer the cause of this movement to that of the 
luminous hydrogen gas ; for it cannot be due to the motion of 
the earth or the sun in these circumstances. As Schellen says : 

* If the hydrogen in the sun were rapidly approaching us, the 

of the laboratory spectrum of iron, show no disturbance at all. If we admit 
that what we call the spectrum of iron is really formed in our experiments by 
the superposition of two or more spectra belonging to its constituents, and 
that on the sun these constituents are for the most part restricted to different 
regions of widely var3ring pressure, temperature, and elevation, it becomes 
easy to see how one set of lines may be affected without the other. The 
same facts are, of course, also explicable on the supposition that there are 
several allotropic forms of iron -vapour, mixed together in terrestrial experi- 
ments but separated on the sun, and sorted out, so to speak, by the condi- 
tions of temperature and pressure.’ Professor Lockyer’s h 3 T 30 thesis appears 
to have as good foundation as that referred to in the last sentence of this 
quotation. 
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number of its ether waves in a second must increase ; the length 
of each wave will become shorter and the light be inclined 
towards the violet. The F 4 ine suffers then a displacement from 
its usual position in the solar spectrum towards the violet end 
of the spectrum. If the shortening of the ether- waves of this 
hydrogen line be only Tijiyinnrinr ^ millimetre, the 

consequent displacement of the F-line can be perceived, and 
the motion of the hydrogen on the sun be thus demon- 
Urated.’ 

If, on the contrary, this gas be moving in the opposite 
direction, and be receding from us, the number of its ether- 
waves in a second will decrease, the wave-lengths will be 
augmented, the greenish-blue rays will approach the red, and 



a displacement of the F-line will he produced towards the red end 
of the spectrum. Fig. 91 shows displacements of the F-line 
of hydrogen in the chromospheric prominences where it is 
bright, the change beginning close to the sun’s disc. The 
bright lines diverging from the normal position of the F-line 
(divergence in both directions is evident) indicate, by their 
displacement towards the violet end of the spectrum, that 
those portions of the prominences were in motion towards the 
earth, the greatest velocity indicated being 147 miles a second 
at least. Fig. 92 is only a small part of the solar spectrum, and 
shows the changes observed in the F-line of a solar spot. Some 
of the horizontal lines are caused by particles of dust on the 
n. K 
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jaws of the slit, but the bands indicate the general absorption 
in the spot. Where the F-line is bright the hydrogen was 
hotter than the solar surface, but the bend towards the red 
end indicates that in the corresponding part the relatively cool 
hydrogen was moving from the eye in a downrush whose velo- 
city exceeded fifty miles a second. 

The spectroscope has not only been able to detect and 
measure the motion of gas>streams in the sun, but it has also 
been used to prove the fact of the sun^s rotation. If the sun 



rotates, as previously stated, in about 25*3 days, its eastern 
edge must be advancing at a rate of about 1 1 miles a second, and 
the western edge retreating at the same rate. According, there- 
fore, to Doppler’s principle, we ought, with a sufficiently powerful 
and accurate instrument, to find a general shift in the posi- 
tion of the lines of the solar spectrum towards the violet when 
the light is taken from the eastern limb, and towards the red 
when taken from the western limb. Such displacements of the 
solar lines have been observed, thus confirming the fact of rota- 
tion as derived from the observation of solar spots. Moreover, 
the spectroscopic examination of the two opposite limbs has 
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enabled us to distinguish the true solar lines from the telluric ; 
for, as these latter are due to the atmosphere, they undergo no 
shift of position. 

92. Light of the Sun. — ^Various estimates have been made 
of the sun’s light and heat, but it will be readily understood 
that the figures given are not so reliable as those referring to its 
distance, size, and mass. By comparing the light of the sun when 
in the zenith with that of a standard candle at a distance of one 
yard it has been found that the sun illuminates a white surface 

60.000 times more strongly than the candle does. Allowing 
for atmospheric absorption to the extent of one -seventh only, 
this number would become 70,000. If we then multiply this 
by the number of yards in the sun’s distance, we get an esti- 
mate of the quantity of sunlight in ‘ candle power.’ The result 
is about Ij 575 billions of billions, or 1,575 followed by twenty- 
four ciphers. An estimate of the suds luminosity — that is, the 
amount of light on each unit of luminous surface — shows, 
according to Professor Young, that the sun’s surface is about 

190.000 times as bright as that of a candle-flame, and 150 times 
as bright as the limelight. A sun-spot is only relatively dark, 
for the darkest part is still brighter than the limelight. On 
throwing a large image of the sun on a screen, it is seen that 
there is a great diminution of light all round the edge, as the 
light from the limb has to pass on its way to us through a 
greater portion of the sun’s atmosphere than the light from 
near the centre of the disc. According to Professor Pickering 
the light at the edge is only about one-third that at the centre. 
As a greater proportion of the blue and violet rays are absorbed 
in the sun’s atmosphere than of the red and yellow rays, the 
light from the edge is of a brownish-red hue. This is clearly 
seen on throwing a large image of the sun on a screen in a 
darkened room, the darkness and ruddiness of the edge com- 
pared with the central parts being quite plain. In photographs 
of the sun, the absorption of light near the edge of the disc, 
and the more effective absorption from this light of the blue 
and violet rays chiefly active in ordinary photography, cause a 
striking difference between the appearance of the limb and the 
parts nearer the middle. 

k: 2 
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93. Heat of tlie Stm. — ^The quantity of heat received at the earth’s 
surface when the sun is shining in a clear sky has been estimated by means 
of Pouillet’s pyroheliomet&if* This is an instrument by which a circular 
beam of sunlight is allowed to shine perpendicularly upon a shallow cylin- 
drical box of known area, containing a certain weight of water, for a given 
time. The rise in temperature is then ascertained, and knowing the 
specific heat of water, the quantity of heat received by each square unit 
of area of the earth’s surface in a minute can be ascertained. Allowance 
must be made for the heat lost by reflection and for that absorbed by the 
atmosphere. The atmospheric absorption amounts to thirty per cent, ot 
the whole when the sun is vertical, and to more than sixty per cent, when 
the sun is near the horizon. Expressed in calories (a calorie ^ being the 
amount of heat required to raise the temperature of one kilogram of water 
one degree centigrade) the amount of heat received by each square metre 
of the earth’s surface exposed perpendicularly to the sun’s rays would 
amount in a minute to twenty-five, if there were no absorption in the atmo- 
sphere. This, according to Yoimg, would melt yearly a layer of ice 136*! 
feet thick if spread over the surface of the earth, supposing that the heat 
were equally distributed in all latitudes. Now the sun is a large globe of 
433,000 miles radius, and sending out his energy into space in all directions. 
At a distance of 93,000,000 miles from his centre, the earth occupies a 
space represented by a circular area about 8,000 miles in diameter. From 
a consideration of these facts it can be shown that the amount of heat sent 
out from a square m^tre of the sun’s surface is 46,000 times greater than 
that received by a square metre of the earth, and that somewhat less than 
the two-thousand -millionth part of the total radiation from the sun reaches 
our little world. We thus get 1,150,000 calories per square metre per 
minute as the amount of radiation at the sun’s surface, and this corresponds 
to a mechanical value of above 100,000 horse-power per square metre in 
continuous action on the sun’s surface. If we multiply 100,000 by (6'i x 
10*®), the number of square metres in the sun’s surface, we should get an 
array of figures representing the dynamical value in horse-power of the 
total solar radiation. This stupendous amount of working power is acting 
continuously, and we cannot but feel provoked to inquire how the develop- 
ment of the enormous quantity of heat which it represents is maintained. 

94. Maintenance of Solar Heat.--That the sun is not a great fire or 
mass of burning fuel in which the heat is kept up by combustion is quite 
certain. Such a burning mass would diminish in size with a rapidity which 
would have made itself evident long ago. History shows us that there has 
been no great change in the intensity and light of the sun for the past three 
thousand years, and geology supplies proofs of the existence of life on the 
earth, and therefore of sunlight also, for one or more millions of years. No 
burning mass could have lasted such a time. That the sun is not a globe 
of incandescent matter, sending out light and heat into space without any 
further development within it, is also certain. Such a cooling globe would 
have shown a very perceptible fall of temperature within historic time, 
and there is no reason to think such a fall has occurred. Hence the 
sun must be an incandescent globe on which, or within which, an ex- 
penditure of energy occurs in a form to keep up the solar radiation without 


* A calorie ^2 *2 thermal units, a thermal unit being amount ol heat 
required to raise one pound of water C. 
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any sensible diminution of its size. Mayer ascribed the solar heat to the 
energy produced by the collision of meteoric bodies falling into the sun. 

A small portion of the sun's heat is probably obtained in this way, but the 
vast mass of meteors in the neighbourhood of the sun whicli this theory 
would imply, would have produced disturbances in the paths of the inferior 
planets, or in those of certain comets, which could not have failed to be 
detected. Helmholtz, the celebrated German physicist, has propounded a 
theory to account for the supply of solar heat which is now generally 
accepted. According to him the heat required to maintain the sun’s radia- 
tion is almost altogether due to gravitative attraction in the sun’s mass, the 
work done in slowly contracting upon itself under the influence of this 
force being sufficient to account for the enormous amount of the sun’s 
radiation. In a mass as large as the sun, where gravitation is more than 
tw'enty-seven times terrestrial gravity, the heat developed, as the mass shrinks 
towards a central point, is enormous. Two opposing forcp are thus 
at work in the sun’s mass, the compressing force of gravitation and the 
expansive force of heat. Heat is continually passing off by radiation ; an 
almost equal amount is restored by contraction due to gravitation. Under 
this process of shrinking the sun must become smaller and denser. As, 
however, a contraction of the sun’s mass such as would reduce his diameter 
by the ten-thousandth part, would generate heat enough to cover the 
annual output during the last 2,000 years, no change has yet been perceived. 
But, accepting Helmholtz’s theory, it follows that the sun’s size must once 
have been much greater than now, that at some distant time m the future 
it will be much less, and that the sun’s heat must have had a beginning, and 
will have an end. 

95. Origin and Age of the Sun. — According to Helmholtz, the heat of 
the sun w’as produced originally by the condensation of a nebulous mass of 
matter once diffused in cosmical space. ‘ The particles of this mass falling 
together under the influence of gravity, the resultant motion beingdestroyed 
by friction and impact with the production of heat, the new world produced 
by such condensation must have acquired a store of heat not only of con- 
siderable, but even of colossal, magnitude.’ Speaking of Helmholtz’s theory, 
Sir William Thomson, in a lecture at the Royal Institution, thus described 
it : * At some period of time, long past, the sun’s initial heat was generated 
by the collision of pieces of matter gravitationally attracted together from 
distant space to build up his present mass ; and shrinkage due to cooling 
gives, through the work done by the mutual gravitation of all parts of the 
shrinking mass, the vast heat-storage capacity in virtue of which the cooling 
has been, and continues to be, so slow.’ 

After an account of solar radiation and accepting Langley’s measurement 
of its amount with an instrument called the bolometer^ which allowed him 
to examine the radiation of the different parts of the spectrum separately, 
Sir William Thomson continues : ‘ In the circumstances, and taking fully 
into account all possibilities of greater density in the sun’s interior, and of 
greater or less activity of radiation in past ^es, it would, I think, be ex- 
ceedingly rash to assume as probable anything more than twenty million 
years of the sun’s light in the past history of the earth, or to reckon on 
more than five or six million years of sunlight for time to come.’ Many 
geologists and biologists demur to this limitation of the sun’s past activity, 
and demand more than twenty millions of years since life began on the 
earth ; and, of course, millions of years must have preceded this time before 
the earth was available for plant and animal life. They found their claim 
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on the rate at which the various geological formations may be supposed to 
have been formed, and on the time required, according to the doctrine of 
evolution, for the variation and modification of organic forms. The radiant 
energy of the sun cannot, according to this view, have been derived from 
gravitational energy alone, but the primitive nebulous mass must have pos- 
sessed a huge store to begin with. Such a store, according to ^ Dr. Croll, 
might have been derived from the collision of two large cool bodies meeting 
together with enormous velocities. This * impact theory ’ of the origin 
of the sun’s heat is set forth in Dr. Croll’s work on ‘Stellar Evolution.’ 


CHAPTER VI. 

DESCRIPTION OF THE PLANETS, 

96 . Besides their apparent diurnal motion from east to west, 
caused by the revolution of the earth upon its axis, the bodies 
known as planets are revolving round the sun in an opposite 
direction among the stars. This eastward motion of the 
planets, as seen from the sun, would appear as a nearly uniform 
motion in a circular orbit; but the earth is itself a planet 
moving round the sun in a plane (the plane of the ecliptic) 
somewhat inclined to the plane of the planets’ paths. The 
motion of a planet, therefore, as seen from the earth, is the 
same ‘as if the body had, combined with its own motion, 
another motion, identical with that of the earth, but reversed,’ 
By carefully marking down, night after night, the position of a 
conspicuous planet on a celestial sphere or map, it will be 
noticed that the body, after advancing for some time from west 
to east, gradually diminishes its speed, then stops, and begins 
to move in the opposite direction. After retrograding for some 
time, it again stops, and recommences its direct motion. The 
time and the number of degrees passed over during this retro- 
gression are always less than during the eastward or direct 
motion, so that there is on the whole an advance from west to 
east. The combined effect of the motion of the planets and 
the earth’s motion in the plane of the ecliptic gives rise, there- 
fore, to direct and retrograde movements in looped paths of 
various forms. ‘ Generally speaking, and comparing their places 
at distant times, they all advance, though with very different 
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average or mean velocities, in the same direction as the sun and 
moon, i.e, in opposition to the apparent diurnal motion, or from 
west to east ; all of them make the entire tour of the heavens 
though under very diiferent circumstances : and all of them, 
with the exception of certain among the telescopic planets, are 
confined in their visible paths within very narrow limits on 
either side the ecliptic, and perform their movements within 
that zone of the heavens we have called the Zodiac.’ 


V 



Fig. 93 


In fig. 93 EC represents a portion of the ecliptic, ana 
p Q R N s a portion of a planet’s path. From p to Q the motion 
is direct, at q the planet is stationary, from q to r the motion 
is retrograde, and from r to s the motion is direct. Where 
the planet crosses the ecliptic, at n, it is said to be in its node. 

97. Positk)ns of the Planets.— By the help of fig. 94 we 
can illustrate the meaning ot some terms in frequent use. e 
represents the position of the earth at a certain point of its 
orbit. The inner circle represents the orbit of an inferior 
planet like Venus, and the outer circle stands for the orbit of a 
superior planet. The angle formed by the two lines drawn 
from the earth to the sun, and to a planet, is called the elonga- 
tion of the planet from the sun. The elongation is east or west 
according as the planet is on the east or west side of the sun. 
The angle p e s is the elongation of the superior planet p at 
that particular position of its orbit. Moving further in its 
orbit its elongation increases, and it is said to be in quadrature 
when it is distant from the sun 90° in longitude. When its 
longitude differs from that of the sun 180°, the planet is said 
to be in opposition with the sun, the planet being on the side of 
the earth opposite to the sun. When a planet and the sun are 
on the same side of the earth — that is, when they have the same 
longitude — the planet is said to be in conjunction with the sun, 
and it is evident from the figure that an inferior planet has 
two conjunctions — an inferior conjunction when nearest the 
earth, and a superior conjunction when most distant. If at the 
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time of inferior conjunction the inferior planet Venus should 
happen to be at one of its nodes and therefore in the plane of 
the ecliptic, it would be seen to pass across the face of the sun 
as a dark spot. Such a phenomenon, called a transit of Venus, 
rarely happens, as the passage through the node seldom occurs 
at the time Venus is between the earth and the sun. It will be 
readily understood from the figure that the angle representing 
a planet’s elongation may have, in the case of a superior planet, 
any value from o® to i8o°, but for an inferior planet there is a 



Fig. 94 — Planetary Configurations and Aspects. (After Young.) 


maximum value depending on the size of the orbit. Thus the 
angle v es or v^ e s in the case of Venus cannot exceed 47®. 
Hence, an inferior planet, in revolving about the sun, appears to 
us to pass backwards and forwards from one side of the sun to 
the other, never getting far away, and being, therefore, visible 
a little while after sunset, or before sunrise, according as it is 
east or west of the sun. When a planet is in conjunction with 
the sun, it will pass the meridian with the sun at noon and is 
therefore above the horizon only during the day. When a 
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planet is in opposition with the sun, it will pass the meridian 
about midnight, and when in quadrature at about 6 o’clock 
morning or evening. 

9S. Periods. — The sidereal period of a planet is the time required for 
one complete revolution round the sun, i.e. the time as seen from the sun 
m which it passes from a star to the same star again. The symdical 
ppiod is the intervd between two successive conjunctions of the same 
kind, or two successive oppositions. The sidereal periods of the planets 
may be obtained by observing their passages through the nodes of their 
orbits, allowance being made for a slight shift in the position of the line of 
nodes, 

99. Mercury. — From the tables given in Chapter II. it 
will be seen that Mercury is the nearest major planet to the 
sun, that it moves most quickly in its orbit, and that this orbit 
is the most eccentric and has the greatest inclination to the 
ecliptic. It has also the least diameter, the least mass, and the 
greatest density of all the planets. Its mass and density have 
not been conclusively determined, though there is little doubt 
that its density exceeds that of the earth. Its proximity to the 
sun makes it a difficult object for observers, its greatest possible 
elongation never exceeding 27® 45'. It may sometimes be 
seen with the naked eye for a short time after sunset in spring 
(E. elongation), and before sunrise in autumn (W. elongation). 

The equator of Mercury appears to have an inclination of about 20® 
to the plane of its orbit, and its rotation-period has quite recently been 
found by Schiaparelli to be the same as its period of revolution round the 
sun.* It will, therefore, behave to the sun as the moon does to the earth ; 
one half will be always exposed to the intense light and heat of the sun, 
and the other half will be in continual darkness. The great eccentricity 
of its orbit, however, produces considerable libration, and causes its actual 
distance from the sun to vary from 2S| millions of miles at perihelion to 
43I millions of miles at aphelion, so that the heat received at these two 
periods of the sun will be in ratio of 9 to 4. 

Viewed through a telescope the planet looks like a little moon, and 
shows phases similar to those of our satellite. At inferior conjunction its 
dark side is turned towards us, and at superior conjunction, when it is most 
distant, we see the whole of the illuminated half and it appears full. At 
its greatest elongations it appears as a half-moon. Between superior con- 


* The rotation-period of a planet, or the length of the planet’s day, is 
found by observing some marking on the disc, and noting the time 
between its returns to the same apparent positions. Allowance must be 
made for the change of position of the planet relative to the earth. 
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junction and the greatest elongations we see more than half the illuminated 
surface, so that it is gibbous, while between inferior conjunction and the 
greatest elongations, we see less than half the illuminated surface and it 
has a crescent appearance. These varying phases and the variations in the 
apparent size due to change of distance from the earth, are somewhat similar 
to those shown for Venus in fig, 96. The telescope teaches but little regard- 
ing the planet’s surface, for hardly any well-defined markings can be seen 
from which to deduce the planet’s rotation-period. Wlien in the crescent 
phase the horns or cusps sometimes appear 1 )lunted. The existence of an 
atmosphere is doubtful. ‘It seems certain that Mercury does not at 
present possess both air and oceans, for, if he did, great quantities of vapour 
would be raised from the waters and condensed over wide tracts into 
clouds. These clouds would reflect a large proportion of the light falling 
on them ; and thus the average whiteness of the planet would be raised 
much above that of the moon, instead of being far below.’ — Proctor. 



Fig, 95.— Motions of Venus with respect to the Earth, supposed at rest. 


100. Venus. — Venus is the second planet in order of distance 
from the sun, its mean distance (67,000,000 miles) being about 
that of the earth. The eccentricity of its orbit is vex^* 
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small (*007), and consequently the difference between the 
greatest and least distances from the sun is only about 47,000 
miles. In size it comes nearest to the earth, for its diameter 
may be taken at 7,700 miles, that of the earth being 7,918. 
Its mass^ found by means of the perturbations it produces upon 
the earth, is that of the earth, from which a density of 86 
per cent, that of the earth may be deduced. The inclination of 
Venus’s axis to the plane of its orbit has not been satisfactorily 
determined, but its rotation -period is believed to be 23h.2im.^ 
As it is the planet moving in the orbit nearest to that of the 
earth, its distance from us varies greatly. At inferior conjunc- 
tion it is only at a distance of 26 millions of miles (93—67), 
but at superior conjunction it is 160 millions of miles away 
(93-1-67). By means of fig. 95 the motion of this planet with 



Fig. 96. — Phases of Venus. 


respect to that of the earth and the different phases which it 
presents will be readily understood, less and less of its illu- 
minated surface being visible as it gets nearer the earth. 

At V, it is in superior conjunction and would appear as a full disc, at 
Vg it would appear gibbous, at V3 it is still gibbous, at v^ (greatest easterly 
elongation) it appears like half a moon, at Vg (inferior conjunction) it is 
invisible, being lost in the sun’s light, unless, indeed, it happens to be in 
or very near the plane of the ecliptic, when it would be seen to^ transit the 
face of the sun as a black spot. As it approaches the earth, its apparent 
diameter increases in size, the variation ranging from ii'' to 67". 

Venus makes a complete revolution in its orbit in 224*7 days, and this 
gives its sid&real period ; but if we suppose the Earth and Venus to start 


^ Since the above wa.s written, Schiaparelli has found that Venus, like 
the moon and Mercury, rotates on its axis in the same time that it takes to 
make a sidereal revolution round the sun, and that the axis of rotation is 
nearly perpendicular to the plane of its orbit. 
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togethei in their orbits from inferior conjunction with their respective 
orbital velocities it will be 584 days before Venus is again in inferior con- 
junction, which gives its synodic period. About five weeks before and 
after inferior conjunction Venus appears brightest, and ^n then be seen in 
full daylight by the naked eye. Its albedo^ or reflecting power, is about 
three times that of the moon, and this high reflecting power probably in- 
dicates that its surface is wrapped in layers of cloud. That Venus has 
an atmosphere appears certain ; for near inferior conjunction a curved line 
of light is often to be seen as a continuation of the narrow crescent of the 
planet itself, and at a time of transit a ring of light appears as the planet 
enters upon the sun’s disc. These appearances can only be explained by 
the refraction of sunlight in the planet’s atmosphere. The observations 



Fig. 97.— Venus when half-full. {Foiaciu.) 


on the refractive power of this atmosphere point to an atmosphere denser 
than that of the earth, and the spectroscope furnishes evidence of the 

E resence of water- vapour in it. The telescopic appearance of Venus when 
alf-fhll is shown in fig. 97. 

10 1. Mars. — In fig. 98 we have a representation of the orbit 
of the earth round the sun, and of the more elliptical orbit of 
the nearest superior planet, Mars, m and vi being respectively 
the perihelion and aphelion points of the orbit of Mars. E, 
is the position of the earth in its orbit near the end of August; 
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Eg, the position near the end of November; Eg, the position 
near the end of February ; and Ej, the position three months 
later. When the earth and Mars are in a line with the sun 
and on the same side of it, as at Ej and Eg and Mg, 
Eg and Mg, etc., Mars is in opposition; but when the two 
bodies are in a line on different sides of the sun, as at Ei and Mg, 
Eg and M4, etc., Mars is iu superior conjunction. It is now 



I'lG. 98. — Paths of the Earth, Ej Eg, and Mars, Mi Mg, around the Sun, S* 


easy to understand that when the earth and Mars are in 
opposition we can see the planet far better than when they 
are in conjunction, and it is also easy to understand that, owing 
to the great eccentricity of the orbit of Mars, an opposition of 
Mars when it is nearest the earth in August (Ei and Mi) is a 
more favourable opposition than at any other time of the year, 
whilst the most unfavourable opposition are about February 
(Eg and Mg). 
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Mars is situated at a mean distance of 14 millions of 
miles from the sun, but it is 26 millions of miles nearer at 
perihelion than at aphelion. Its distance from the earth at 
an opposition is its distance from the sun minus the earth’s 
distance from the sun, and this varies between 35^ millions of 
miles and 61 millions of miles, according to the time of the 
year when the opposition occurs. At conjunction its average 
distance from the earth is 2344- millions of miles (141 J + 93). 
The apparent diameter and the brightness vary enormously with 
these great changes of distance. At a favourable opposition 
it is a brilliant ruddy object in the sky ; at conjunction it is 
only about as blight as the pole-star. From fig. 98 it is also 
easy to see that at an opposition Mars presents his full face 
to the earth, and comes on the meridian at midnight. An 
opposition of some kind occurs about every two years and two 
months ; for though the planet revolves round the sun once 
in 687 days, its synodic period, or the interval from one 
opposition to another, is 780 days. Consider again fig. 98, 
and suppose the earth to be at Ej when Mars is at Mi. While 
the earth in its swifter motion makes one revolution in 365 i 
days, and again comes to Ej, IIslvs has only got a little 
beyond Mg, and by the time Mars has got round to Mi the 
earth has nearly made a second revolution, and is at e. About 
two months after the earth has completed its second revolu- 
tion, the two planets are again in a line on the same side 
of the sun at E and M, and we have an opposition, though 
not so favourable a one as when at Ej and Mj. Favourable 
oppositions always occur near the latter part of August, about 
the summer solstice of the southern hemisphere of Mars, and 
when the planet is near its perihelion point, after an interval 
of 1 5 or X 7 years. The last two favourable oppositions occurred 
in 1877 and 1892, and the next will occur in 1909. 

The real diameter of the planet is about 4200 miles, its 
surface about two-sevenths that of the earth, and its volume 
a little more than one-seventh that of the earth. As its mass 
is only one-ninth that of the earth, its density is somewhat less 
than two-fifths that of the earth, and its superficial gravity 
only 3$ per cent, of the earth’s, A body weighing xoo lbs. 
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here would only weigh 38 lbs. on the surface of Mars. Both 
the time of its rotation, 24 h. 37 m. 23 s., and the inclination 
of its equator to the plane of its orbit, 24° 50', are nearly the 
same as those of the earth. The exact value of its rotation- 
period has been found by observing one of the distinct 



Fig 99 — The Planet Mars in 1877. 

markings near the equator as the planet rotates, and noting 
the time of its return to the same position. As the orbit of 
Mars is outside that of the earth, it never comes between us 
and the sun, and can never appear like Venus and Mercury, 
in a crescent form; but at quadrature a small part of the 
illuminated surface is turned away from the earth, and the 
planet then appears somewhat gibbous. 

The telescopic appearance of the planet at a favourable opposition 
shows a circular disc diversified with markings of various shades (fig. 99). 
At such times various astronomers have diligently scanned its surface with 
powerful telescopes, and, having made caretul drawings of what they saw, 
maps of its surface have been constructed, and names assigned to the 
various features. Four kinds of markings have been noted. 

1. Around each pole extensive bright white patches have been observed. 
These are considered to be masses of snow and ice covering the polar 
regions, for they behave just as might be expected if such were the case. 
The northern one dwindles away during the northern summer, while the 
southern one gets larger, and vice versd during the summer of the planet’s 
southern hemisphere. 

2. Dark markings or bluish-green areas, covering a little less than one- 
half the planet’s surlace. These areas are generally supposed to represent 
water, and various portions have been named seas, eg, the circular sea 
of Terby. Mr. Lowell, however, believes them to be partly areas of 
vegetation, and says that they undergo changes of tint and size, possibly 
due to inundations following the melting of the polar snows. 

3. Light markings of an orange or reddish-ochre tint, covering more 
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than halt the surface. These areas ^'j/Newton ConSekt“ etc. 
laiger portions liave had assigned starting from points on the 

S weSt Sobseiv:drna described by the Italian astronomer, 
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spectroscope. The atmosphere must, liovvever, be thin to show the suxiace 
features so clearly by reflected sunlight. The ruddy colour of the planet 
has been attributed to atmospheric absorption, but it is more probably due 
to the nature of the ground. 

Mars has been called a ‘ miniature earth,’ and there is certainly a great 
analogy or likeness between the two planets in some respects. Mars 
rotates on an axis but slightly more inclined to the plane of the ecliptic 
than that of the earth, while day and night are nearly the same on both, 
so that the daily rising and setting of sun and stars, and the changes of 
the seasons, so far as they depend on inclination of axis, are very similar 
on the tu'o bodies. Each appears to have land and sea ; on each the heat 
of the sun evaporates the water, and condensation forms clouds that are 
earned along by aerial currents. 

But we must not lose sight of the differences. Apart from the great 
difference in size and mass, and the consequent feebler power of gravity on 
Mars (38 per cent, that of the earth), we are led to the conclusion that the 
atmosphere is rarer and water less abundant than on the earth. The 
intersection of the land by a network of straight channels connected with 
the seas has no counterpait on the earth, and indicates that the level of 
the land is nearly the same as that of the sea. And although the Martian 
seasons are in part similar to ours, yet, owing to the planet’s more extended 
and more elliptical orbit, they are nearly twice as long as ours, and the 
inequality in length is far greater than those of the earth. Hence the 
difference between the mean summer and winter temperature must be 
much greater than on the earth, and it must be borne in mind that Mars 
will receive less than one-half the amount of light and heat per unit of 
surface from the sun than the earth. The following table shows the 
difference of length of the seasons on the two planets in the northern 
hemisphere : — 

On the earth. On Mars. 


Spring 

... 93 terrestrial days 

19 1 Martian days. 

Summer 

••• 93 ^ j» 

99 


Autumn 

... Sgi 

99 

149 ,9 

Winter 

... 89 „ 

99 

147 » „ 


3 ^ 


668 


It thus appears that on the earth the northern summer is 4 ] days 
longer than winter, but on Mars 34 days longer. This accounts for the 
Martian southern polar snows being more extensive than the northern 
ones. 

As Mars is seen by reflected sunlight, its spectrum must be that of a 
weak solar spectrum with the addition of any dark lines due to absorption 
in its own atmosphere. Some observers believe that they have seen 
additional dark lines indicative of such absorption, but a recent careful 
observer says, ‘The spectra of Mars and our moon observed under 
favourable and identical circumstances seem to be identical in every re- 
spect. The atmospheric and aqueous vapour bands which were observed 
in both spectra appear to be produced wholly by the elements of the 
earth’s atmosphere.’ This does not show that Mars has no atmosphere, 
but only that it cannot be extensive or dense. Indeed, the distinctness 
with which the Martian surface can be seen, as well as many other observa- 
tions, all indicate that the atmosphere is much thinner than oiirs. Certain 
bright points on the surface are regarded as mountain summits. 

IL 


L 



1 4 ^ Advanced Physiography 

102. Satellites of Mars. — Until the year 1S77 satellites were known ; 
but in that year Professor Hall of Washington discovered tw''0 small bodies 
revolving round the planet. The inner one, named Phobos, is only 5,Soo 
miles distant and has a period of 7 h. 39 m. (less time than that in which 
the planet rotates), while the outer one is at a distance of 14,600 miles, 
with a period of 3oh. 18 m. An estimate of their size deduced from their 
light-reflecting powers, shows that their diameters are probably somewhere 
between ten and twenty miles. Such small bodies can give but a small 
fraction of the light we derive from our moon. 



t iG. 101, — Orbits of the Martian moons, Beimos ana Phobos, round the planer 
as situated in August 1877. 


103. The Minor Planets or Asteroids. — Between the orbits of Mars 
and Jupiter there is a wide gap, in which, however, a group of small planets 
circulate round the sun. The first of these was discovered on the first 
day of the present century, and at present above 420 are known. They 
are difficult to find, as they only shine like faint stars. Having a carefully 
prepared star-chart of a certain region of the sky near the ecliptic, the 
astronomer diligently watches this part of the sky night alter night. If 
at any time he finds a point of light hot on his chart, it is watched with 
p^eat attention. ^ In the course of a few hours, it will move perceptibly if 
it is a planet, its motion being detected by measuring with the micro- 
meter its distance from a fixed star near. The minor planets are all 
named, and have a number indicating the order of their discovery. The 
orbits of these small bodies are at very various distances from the sun, 
Medusa (149) being the nearest and Thule {279) the most distant. The 
average inclination of the orbits is about 8® but Pallas (3) has an incli- 
nation of 35®. Several orbits are also very eccentric, that of iEthra (132) 
having the greatest eccentricity, 0-38. As to their size and mass but little 
IS known. Vesta, the brightest, is probably about 300 miles in diameter, 
but the whole number known form only about ^ part of the earth’s 
bulk. Several views are held as to their origin. Some believe that they 
are the fragments of a larger planet, destroyed either by collision or by 
explosions ; others regard them as the material which ought to have 
collected into a single planet, but which has failed to do so from some 
unknown cause. 
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A photographic method of detecting minor planets has been chiefly em- 
ployed since its first use for this purpose in December, 1891. Their images on 
a properly exposed sensitive plate are not circular dots as in the case of fixed 
slaus, but trails, the length of which increases with the time of exposure, 

104. Jupiter. — In figure 102 (from Proctor) we have a re- 
presentation of the paths of the Earth, Mars, and part of that of 



Fig. 102. 


Jupiter, with a diagrammatic representation of a portion of the 
zone of asteroids. The orbital velocity of Jupiter is so much 
less than that of the earth, that if the earth start from e when 
Jupiter is in opposition at by the time the earth is at E3 
Jupiter has only reached J2, where he is in conjunction. When 
the earth has again come back to <?, Jupiter has only gone through 
about ^ of his orbit, and by the time the earth is at e\ Jupiter 
has reached J3, where the sun, the earth, and Jupiter are again 
in the same line. The synodic period of Jupiter is only 399 
days, but its sidereal period is iij% years. Jupiter travels in 
an orbit round the sun at a mean distance of about 483 millions 
of miles. The eccentricity of its orbit is nearly so that there 
is a variation between the greatest and least distances from the 
sun of more than 42 millions of miles. Its diameter is nearly 
eleven times that of the earth, and its bulk 1,300 times that of 
the earth. Its density is about ^ that of the earth ; from which 
we get a mass rather more than 300 times the earth’s mass. 
Indeed, its mass is more than double that of all the other planets 
put together, and its bulk is about times all the rest. It, 
therefore, well deserves the appellation of ‘ The Giant Planet.’ 
The ellipticity of Jupiter is considerable, xV» that of the earth 
being This produces a difference of more than 5,000 miles 
between the equatorial and polar diameters. The albedo^ of 
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reflectin<^ power of the planet’s surface, is very high, o'62, that 
reflecting pov, v ^ jj^oon, 

'“““ot rouuon on to »is, .» f 

tions of the motions of spots on its ^ 

This is a more rapid axial rotation than t Y 

planet As its axis is onlyinclined S” to ^at ^ orbiM^ 
have no seasonal changes so far as inclination 



IOC Telescopic Featuree of Jupiter.-In a good instrament the disc 
nf Tnniter aoDears large, and shows many interesting variations. The most 
ffiffeSare da’rk and light zones, called belts lying more or less 
oarallel to the planet’s equator and possibly so disposed by the rapid rotation 
of the planet. These belts are probably shallow fissures in the dense atnio- 
mhere of the planet ; for a dense atmosphere is needed to account for its great 
reflecLg power. Though the belts are, in general arrangement, fairly per- 
manenT^vet they undergS minor variations whicli prove their atmospheric 
SSacter. OccasionaUy, slanting belts are seen, and egg-shaped iorms re- 
Ambling shaded clouds. But the most remarkable feature is a great red 
spot in the southern hemisphere at the southern edge of the great equatorial 
belt, first noticed in 1877 (see fig. 104). In the following year this spot wm 
of a clear brick-red colour, but since then it has undergone remarkable 
changes in brightness, while still retaining nearly the same fora and size. 

Inke the t«lts it is attributed by many astronomers to a depression in 
the atmosphere of the planet, its red colour being derived from the actual 
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surface of ^ the planet beneath, or from the redder vapours of the lower 
atmospheric strata. ^ Oval white spots are also seen at times on the 
planet’s surface, a brilliant one of this colour having been conspicu- 
ous lor the last few years on the equatorial border of the southern belt. 
This spot shows a greater velocity 
per hour than that of the red spot. 

Generally, indeed, the spots near 
the equator travel faster than those 
in higher latitudes, as is the case on 
the sun. Most astronomers believe 
that what we see is merely a shell of 
clouds, and not the real surface of 
the planet. How deep this atmo- 
sphere of clouds is, and what the real 
size and density of the inner kernel 
are, we have no means of determin- 
ing with certainty. As the heat 
derived from the sun (about ^ of 
that received by the earth) would 
neither be sufficient to raise the 
cloud masses seen on Jupiter nor to 
produce the rapid changes which 
these masses undergo, it has been 
maintained that the planet itself is 
still at a high temperature, even at 
its surface, not having cooled down 
so far as the planet on which we live. 

It thus represents an earlier stage in 
planetary life than the stage at whicli 
the earth has arrived. The spectrum 
of Jupiter shows that the light is 
mainly reflected sunlight, probably 
from the planet’s varying envelope of 



Fig. io4.-^Great oval Red Spot on 
Jupiter in 1877. (Inverted tele- 
scopic view.) 


clouds, for the Fraunhofer lines are quite distinct ; but it differs from the 
solar spectrum in the presence of some dark bands, the most striking of 
which is a strong one in the red. Certain indications of inherent light have 
been described by some observers, but it is hardly probable that the planet 
can still be so hot as to be sensibly self-luminous. 

106. Jupiter’s Satellites. — ^Jupiter possesses five satellites, the least and 
nearest discovered in 1892. The following table gives the chief figures 
connected with these bodies, the numbeied ones being known to Galileo ; — 


Satellite 

Distance from Jupiter 

Period 

Diameter 


JVliles 

d. 

h. 

m 

Miles 

I 

260,000 

1 

iS 

29 

2,400 

II 

4 14,000 

3 

13 

18 

2,100 

III 

660,000 

7 

4 

0 

3,400 

IV 

1S92 or ‘ 

1,161,000 

16 

iS 

5 

2, goo 

5 th satellite 

67,000 

0 

ZI 

57 

100 


As the orbits of Jupiter’s satellites lie almost in the plane of the planet’s 
orbit, they all, except the fourth, pass through the shadow of the planet 
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ami su (Ter eclipse at every revolution. The fourth satellite fails to be eclipred 
when Jupiter is far from the node of the satellite’s orbit. The time at which 
these eclipses occur undergoes a peculiar variation, first explained by the 
Danish astronomer Roemer. The earth moves through its whole orbit 
while Jupiter is moving over about one-twelfth of his. For the sake of 
simple explanation, let us suppose that in fig. 105, Jupiter occupies the 
position I, while the earth makes a revolution. When the earth is near e, 
ue, at the time of opposition, the interval between two eclipses of a 

satellite is noted. , . .-l j 

As the earth moves on its orbit, the distance between the earth and 
Jupiter becomes greater and the interval between two eclipses increases. 
On arriving at F the earth is further from Jupiter by twice its distance 
from the sun, or twice 93,000,000 miles. At F, i.e. at the lime of con- 
iunction, the eclipses occur very nearly 1,000 seconds later than when the 
earth was at E, the time of opposition. This must be the time required for 
the light to travel across the distance E F, or twice the distance of the earth 
from the sun. Knowing the distance of the earth from the sun we can 
ascertain the velocity of light by dividing this distance by the time light 
takes to pass over this space. This time is half that required in passing 
from E to F, viz. 500 seconds nearly. Now gives 186,000 miles per 

second as the velocity of light as calculated from these eclipses. After 



Fig. 105. 


conjunction, as the earth moves on towards Jupiter, the eclipses take place 
in shorter intervals till the earth and the planet are again in opposition. 
The time required for light to traverse the distance between the earth and 
the sun is sometimes called ‘ the equation of light.’ Knowing this time 
and the velocity of light as determined by the experiments of Fizeau and 
Foucault, we can reverse the above problem and deduce the distance of the 
sun. The question, then, becomes, If light passes over 186,000 miles in a 
second, what is the distance traversed in 500 seconds ? 

107. Satxim. — Passing from the fifth to the sixth primary 
planet we almost double our distance from the sun, for Saturn^s 
mean distance is a little more than times that of the earth, 
and Jupiter’s is a little more than 5^ times that of the earth. 
Its sidereal period is about 29^ years, and its synodic period 
378 days. The compression of its figure is greater than in any 
other planet, the ellipticity being -J. The mean diameter is 
about 71,000 miles, the equatorial diameter exceeding the 
polar diameter by 7,000 miles. Hence its volume is 740 times 
that of the earth, though its mass only exceeds that of the 
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earth 95 limes. From this it follows that its density is only 
about ^ that of the earth, so that it is lighter than water. It 
revolves on its axis in about 10 h. 15 m., the inclination of the 
axis to the plane of its orbit being 28®. Like Jupiter it shows 
a belted surface, but these atmospheric belts are not so clearly 
marked nor so variable as those of the giant planet. A bright 
zone extends some distance on each side of the equator, as 
shown in the engraving. The spectrum of Saturn shows that the 
reflected sunlight has suffered some absorption in the planet's 
atmosphere, for there are some unexplained dark bands at the red 
end of the spectrum similar to those observed in the spectrum of 



Fig. 106. — The Globes of Saturn, S* and the Earth, E, on the same scale. 


Jupiter. But Saturn is unique among the planets, its cloud- 
belted globe having a retinue of eight satellites, and being sur- 
rounded by three thin concentric rings made up of discrete 
bodies. Its physical condition and constitution closely resemble 
those of Jupiter, though the body of the planet is probably 
somewhat cooler. 

108. Slings of Saturn. — The three rings of Saturn are three flat thin 
circular discs pierced in the middle and having a total breadth of about 

38.000 miles. The two outer ones are bright, while the third or ‘ crape ’ 
ring, discovered in 1850, is but feebly luminous, and its inner edge is almost 

10.000 miles from the planet*s disc. This inner dusky ring can be seen 
♦hrough at times, and must therefore be thinner or composed of mor-» 
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scattered materials than the outer ones. Between the two outermost rings 
there is also a space of about 1,600 miles, known as Cassini’s division, 
while in the exterior ring a division, known as Encke’s division, has been 
noted. The rings are doubtless circular, but we see them foreshortened, so 
that they appear more or less oval, or else, when we are nearly in the 
same plane, they appear like a straight line. Thus, while the rings remain 
parallel to the equator of the planet, which is inclined about 28° to the 
plane of the ecliptic and 27^ to the plane of the planet’s orbit, they present 
to us different phases, twice appearing edgewise and twice at a maximum 
opening in each revolution. The apparent breadth is at present very little, 
and in 1891 they will appear as aline, after which they will gradually open 
out, so as to present a good view in 1S99. At times the distinction between 
the dark ring and the inner edge of the neighbouring bright ring is much 
more marked than at others, while divisions are occasionally seen in the 
dark ring for a short period only. Other unexplained changes have also 
been noticed in the rings. It requires a good instrument to see the^ rings 
when presented edgewise to the earth, and then a ‘ slight nebulosity ’ is 
sometimes observed on each side, as shown in fig. 107. 



Fig. 107, — Rings turned edgewise, December 36, 1861. {Wray.) 


The thickness of the rings is proved to be small, probably not more 
than 100 miles, by their appearance as a line every fifteen years when their 
plane is directed towards the earth. Mathematicians have shown that 
the rings cannot consist of continuous sheets of either solid or liquid matter, 
but that they are formed of a multitude of separate independent bodies 
revolving in circular orbits. They are, in fact, a multitude of small satellites, 
like swarms of meteorites, and there is nothing improbable in supposing 
continual collisions among such bodies, with the production of vaporous 
surroundings. The spectroscope has not, however, as yet, given any 
decisive evidence of glowing vapours in the ring system of Saturn. 

109. Satellites of Saturn. —Eight satellites are known to revolve 
around Saturn, all of them being exterior to the ring system. Their names, 
distances from Saturn, and times of revolution round their primary, are set 
forth in the annexed table. All revolve in the same plane as the plane of 
the rings, except lapetus, whiph is inclined tp this plane about 10'’. 
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Names of Satellite 

Distance from Saturn 

Period 

Mimas 

Enceladus 

Tethys 

Dione . . . . . ' 

Rhea 

Titan ..... 

Hyperion 

lapetus 

Miles 

121,000 

155.000 

192.000 

246.000 

344.000 1 

797.000 

1.005.000 

2.317.000 

d. h. m. 

0 22 37 

1 S 53 

1 21 iS 

2 17 41 

4 12 25 

15 22 41 

21 7 7 

79 7 57 


lapetus, the most distant, shows a remarkable variation in brightness, 
the western side being more than twice as bright as the eastern. This is 
explained by supposing that, like our moon, it continually keeps the same 
face towards the planet. Titan, the largest, has a diameter of about 
3,500 miles. The orbit of Hyperion shows distinctly the disturbing 
effects produced by Titan, the largest of the satellites. 

no. UraJitis. — Uranus was discovered by Sir William 
Herschel in 1781, and its planetary character was established 
shortly after by Lexell. Its distance from the sun is more than 
19 times that of the earth ; its diameter is more than 4 times 
that of the earth, with a volume therefore more than 64 times 
that of the earth ; its density is less than ^ that of the earth ; 
and its ellipticity amounts to about y-g-, that of the earth being 
only Seen in a good telescope it shows a sea-green disc, 
with fkint bands or belts, from which a rotation-period of 10 
to 12 hours has been deduced. This rotation, however, ap- 
pears to take place in a direction almost perpendicular to the 
plane of the planet’s orbit. Its spectrum shows dark bands in 
the green, and the f line is clearly seen. Hence it has been 
thought to have a dense atmosphere. Uranus has four satellites, 
Ariel, Umbriel, Titania, and Oberon, revolving in orbits very 
nearly circular, and apparently in one plane; but the peculiarity 
of these orbits is remarkable, for the plane of the orbits of the 
satellites of Uranus is inclined 82° to the plane of the ecliptic, 
and in that plane the satellites revolve from east to west, or in 
a direction opposite to that of all the bodies in the solar system, 
except also the single known satellite of Neptune. 

in. Neptune.— Neptune, the most distant planet, was discovered at 
Berlin in 1846. The history of this discovery furnishes a striking example 
qf the ipuyveilous results achieved by mathematical astronomy. The 
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motions of Uranus had for some time made evident the existence of a more 
distant planet, as the perturbing influence of such a body would ^ alone 
account for the effects observed. Two distinguished mathematicians, 
Leverrier in France and Adams in England, therefore in 1844-5 entered 
upon a laborious investigation and calculated the approximate place of the 
unknown planet. While Professor Challis was employing tjie results of the 
calculation of Adams in searching for the missing planet, Dr. Galle, aided 
by a more recent star-map of that part of the heavens, found it close to the 
place indicated by Leveriier. Neptune’s mean distance from the sun is 
nearly thirty times that of the earth ; its density not quite J that of the 
earth ; and its mass 17 times that of the earth. At so great a distance no 
distinct markings on its surface can be discerned and hence the time of its 
axial rotation is unknown. The light and heat received from the sun, dimi- 
nishing with the square of the distance, can only be ^ part of what the 
earth receives, while the sun itself, seen from Neptune, would only appear 
as large as Venus when nearest to us. Neptune has one satellite, probably 
os large as our moon, and this satellite moves at a distanceof 223,000 miles 
in a period of 5 d. 21 h. 3 m. Like the satellites of Uranus, it moves back- 
wards, i.e, in a reverse direction to that of the planetary motions. The 
spectrum of Neptune closely resembles that of Uranus. 

1 1 2. The Zodiacal Light. — This is a faint broad beam of light extend- 
ing frorri the sun both ways along the ecliptic or zodiac. After sunset in 
spring, it may often be seen about latitude 40° N. as a faint cone of light 
proceeding from the place where the sun has set, and reaching 70° or 80° 
eastward.^ In the tropics it has been seen to stretch right across the sky. 
Its cause is not certainly known. Its spectrum is a faint continuous one. 
The general idea is that it consists of a ring of meteoric or nebulous matter 
surrounding the sun in the plane of the ecliptic, and that its light is only 
reflected sunlight. (For illustration see p. 31S). 


CHAPTER VIL 

THE MOON-^ITS JDJMENSIONS-OEBIT— ROTATION -- 
PHASES— PHYSICAL CONDITION— ECLIPSES, 

1 13. Dimensions of the Moon.— The moon is a satellite 
of the earth and accompanies it in the journey round the sun. 
By methods to be afterwards explained, it has been found to be 
a body having a mean distance from the earth of 238,840 miles. 
Its mean apparent diameter is 31' 7", from which a real diameter 
of 2,163 miles is obtained. This is equal to 0*273 of the 
earth's diameter, and as the surfaces of globes are proportional 
to the squares of the diameters, and their volumes proportional 
to the cubes, we find that the surface of the moon is a little 
more than that of the earth, and its volume or bulk almost 
exactly the earth's volume. Its mass or weight, however, is 
only about th^t of the earth, so that its density will only be 
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0*613 of the earth’s density, that is 3*4 compared with water. 
On its surface the force of gravity would only be one-sixth the 
force of gravity on the earth’s surface, so that the same force 
could hurl a body six times higher there than on the earth. 

1 14. Eevolution of the Moon. — Observation of the situa- 
tions of the moon on successive nights shows that it daily moves 
eastward about 1 3° among the stars, and consequently rises about 
fifty minutes later each succeeding night. It takes about 27^ 
days to make a complete circuit of the stars ; in other words, the 
moon revolves round the earth in this time. In reality both 
the moon and the earth revolve round their common centre of 
gravity in this period ; but so greatly does the earth’s mass ex- 
ceed that of the moon, that this point is about 1,200 miles 
within the surface of the earth on the line joining their centres. 
For most purposes we can regard the moon as revolving round 
the earth in an elliptic orbit. When at its greatest distance the 
moon is said to be in apogee^ and when at its least distance in 
perigee^ the difference between these two distances being 
over 26,000 miles. On tracing the moon’s path among the 
stars, its orbit is found to be inclined to the ecliptic at a mean 
angle of 5° 8', and the points at which it cuts the ecliptic are 
called the ?noon^s nodes. 

1 15. Different kinds of montk. — The period of the moon’s revolution 
is the month ; but there will be different sorts of months according to the 
standard by which we judge the revolution. The sidereal month is the 
time occupied by the moon in passing from one star to the same star again. 
This is equal to 27*32166 days. The moon’s average daily motion among the 
stars will therefore be equal to 360° divided by this number of days, which 
is 13° ii' nearly. The synodic month is the time occupied by the moon in 
passing from the sun round to the sun again, i.e. the interval from new 
moon to new moon again. It is longer than the sidereal month, because 
the sun is also advancing, though at a slower rate, eastward among the 
stars, and the moon requires a longer time to overtake it. It varies 
slightly in length on account of the varying speed of the earth in its orbit 
(or the apparent varying speed of the sun in its path along the ecliptic). 
The mean value of the synodic month is 29*53 days nearly, and this is the 
length of the ordinary hmar month. For purposes of civil life calendar 
months are employed. These consist of a certain number of whole days — 
2S, 30, or 31, as the case may be. Of such months there are twelve in the 
year, but in this time there are thirteen lunar months. 

1 16. Phases of the Mood. — The different forms or appear- 
ances presented by the visible disc of the moon during a 
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Fig. xog.— illustrating the Moon’s Phases. 

has arrived at M4, more than half the illuminated side is turned 
towards us, and she is then said to be gibbous (humpbacked), 
as represented at 4. At Ms, when in opposition to the sun, the 
whole of the illuminated side is turned towards the earth, and 
the moon appears fuU^ as at 5. Continuing her course the 
rnooR is now s^id to wane as she passes through decreasing 
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light phases; is gibbous at Mg; half-full again at M7, her last 
quarter ; a crescent, seen in the early morning about 30° to the 
west of the rising sun, at Mg ; and in a few days more she comes 
into conjunction again at Mi and disappears. The horns of 
the crescent moon are always turned away from the sun, so that 
from new moon to the first quarter they point towards the east, 
i.e. to the left, and from the last quarter to the new moon they 
point towards the west, i.e. to the right. When the moon is 
either in conjunction, as at Mj, or in opposition, as at M5, she 
is said to be in syzygy ; when half-way between these points, as 
at half-moon, she is said to be in quadrature. At the phases 
which immediately precede and follow the new moon, the 
unilluminated part of its surface is often made visible by the 
light reflected from the earth’s surface, and again reflected from 
the moon. This reflection of earthshine from the moon is 
spoken of as ‘the new moon vrith the old one in her arms.’ 
At this time, also, the enlightened part seems to belong to a 
larger body than the obscure part. This is due to an optical 
effect called irradiation^ which makes a bright body on a dark 
background appear a little larger than it ought. 

1 1 7. Rotation of the Moon. — As the various marks upon the moon 
always occupy nearly the same positions on its disc, it follows that the 
moon always presents nearly the same surface to the earth. From this we 
conclude that the moon rotates on its axis at just the same rate as it re- 
volves around the earth, or in 27 J days. If the reader walk round an 
object in the room always keeping his face towards it, he will readily see 
that his body has made a complete revolution, as he has faced every part 
of the walls in succession. The moon’s sidereal day will, therefore, be 27^^ 
days, but its solar day will be the time from one new moon to the next new 
moon, or 29 ^ days. Daylight and darkness are, then, on the moon’s surface 
ablDut fifteen days in length. The cause of this equality in the periods of 
rotation and revolution is probably to be found in the earth’s attraction 
when the moon was in a plastic condition. The earth would then raise 
large tides on its surface, and the bulging mass would be kept towards the 
earth, and so retard its rotation until it concided with the time of its revolu- 
tion about the earth. Although the moon continually keeps the same side 
turned towards the earth, there are certain small oscillations called lihra- 
tions^ which enable us to see a portion of the opposite hemisphere. Thus- 
while the moon turns on its axis at a uniform rate, its angular velocity in 
its orbit varies, moving faster near perigee, and slower near apogee. Hence 
we see a little more of the eastern or westei n edge at one time than at 
another time. This is called the libraiion in longitude. Again, the 
moon’s axis is inclined about to the plane of its orbit, and this orbit 
is inclined a little more than 5® to the plane of the ecliptic, so that the 
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northern and southern poles incline alternately 6|° to and from the earth. 
In consequence we alternately see a little beyond the north pole and a little 
beyond the south pole. This variation is called the libration in IcUituae, 
Finally the daily rotation of the earth earring the observer to the right 
and left of the line joining the centres of the two bodies, enables him to see 
a little further around the right and left sides respectively. This variation 
in the edges of the moon’s disc is called the diurnal libration. Taking 
all the librations into account, we are enabled to see altogether about f of 
the moon’s surface. 

1 1 8. True form of the Moon’s orbit in space.~The rnoon is moving 
round the earth, whilst the earth is pursuing its elliptic orbit round the sun. 
As a result of this double motion round the earth and with the earth round 
the sun, the moon’s path is a peculiar wavy curve; for half a month it is inside 
the earth’s orbit, and for half a month outside it, crossing the ecliptic^ at 
the end of every half-month. But this wavy curve has no intersecting 
loops, and is, indeed, such that it is always concave to the sun. The 
diagrams usually employed to represent the phases of the moon and her 
path round the sun, are on so small a scale that the idea of a path con- 
stantly concave is not obtained. If the reader draw a figure on the 
scale of ^-inch for a million of miles, he may represent the orbit of the 
earth and the path of the moon for a month with tolerable accuracy. 
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With a radius of 92 units (23 inches) draw an arc about 12 inches long 
for the portion of the earth’s orbit (48 millions of miles) described in a 
month (fig. 1 10). Divide this arc into four equal parts by dots representing 
the position of the earth at the end of each week, i, 2, 3> 4> 5 indicating 
these successive positions on the arc representing a part^ of the earth’s 
orbit. Round each dot describe a small circle ^-inch in diameter, to re- 
present the moon’s path round the earth, supposing it to be stationary at 
these points. A small dot at a will represent the position of the moon 
when full, while others at b^ d, and e will represent her successive posi- 
tions until another opposition. From a draw a dotted line through df 
and e, and this line will represent the real path of the moon during one 
revolution round the earth. When the moon is outside the earth’s orbit, 
her path is evidently more concave to the sun than that of the earth’s. 
When inside the earth’s orbit it is still copcave to the sun, for it can be 
shown that the sizes of the earth’s orbit round the sun, and the moon’s 
round the earth, are such that the radius of the moon’s orbit is less than 
half the distance from 3 to the chord, or straight line joining b and d. Thus 
the moon’s real orbit is simply the earth’s orbit with 25 alternate slight 
elevations and depressions of its concavity towards the sun at each full and 
new moon, the moon in thus moving in and out also crossing the earth’s 
path round the sun 25 times ; for there are nearly 12^ synodic revolutions or 
lunations in a year. 



irregularities of the Maoris Motion 1 59 

1 1 9. Tlie Daily Retardation of tlie Moon’s rising and 
setting. — On each succeeding night the moon rises, passes 
the meridian, and sets later than on the previous night. The 
average daily retardation of all three is about 51 minutes. 
But in the cases of rising and setting, which depend in part on 
the moon’s changes in declination, there are great variations of 
the retardation. In some parts of the year the retardation is 
much smaller than the average, at other parts much larger. 
The extent of these variations differs also according to the lati- 
tude of the observer, being greater the further from the equator. 

120. Harvest Moon. — In the northern hemisphere that full moon which 
occurs nearest to the autumnal equinox, September 23, is^ called the 
I larvest Moon. At this period the retardation of the moon’s rising is least, 
because her orbit is at this time least inclined to the horizon, so that on 
several successive nights, a full, or nearly full, moon rises at nearly the same 
time, viz. sunset. Hence the name harvest moon because it occurred near 
the end of harvest, and its light was useful to finish off the last operations 
of harvest. In the southern hemisphere the harvest moon is the full moon 
nearest their autumnal equinox, i.e. nearest March 21. 

12 1. Perturbations of the Moon’s Orbit. — The path of the moon round 
the earth is continually affected by disturbing forces. The chief of these is 
the powerful attraction of the sun. A complete lunar theory — that is, one 
which will take account of all perturbations so fully as to exactly predict 
the moon’s position for any future time — is not yet developed \ though the 
skill of mathematicians has reduced nearly all these perturbations to order 
and calculation. We shall indicate two of these disturbances of the 
moon’s path. It is convenient in all cases to consider the moon’s path as 
an ellipse round the earth ; but that ellipse is liable to changes in its form 
and position. 

122. Revolution of the Line of Apsides. — This is the line joining the 
apses, or it is the major axis of the ellipse, and joins the points of perigee 
and apogee. One consequence of the disturbing effect of the sun is to 
make this line advance in the same direction as the moon itself moves.^ It 
is, as it were, not only the moon which moves round the earth in an ellipse, 
but the ellipse, regarded as a hoop, swings round the earth, which is at its 
focus, in the same direction but much more slowly. There is not a steady 
motion of the line of apsides ; it is sometimes an advance and sometimes a 
regression, but an advance on the whole. The period of revolution is about 
9 years (8*855 years). 

123. Revolution of the Moon’s Nodes. — The nodes, as previously stated, 
are the points at which the moon’s orbit intersects the plane of the ecliptic* 
These two points, inconsequence of perturbations, have a motion of regres- 
sion, ue, a backward movement in the opposite direction to the moon’s 
motion in its orbit. The rate at which the nodes regress is very variable ; 
the period for a full revolution is about 19 years. 

124. Limar periods—the Saros aad Metoidc Cycle. — As 
the nodes of the moon’s orbit are not stationary, but have a 
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daily retrograde motion, the moon performs a revolution with 
respect to the node in less time than it performs a sidereal 
revolution, and in still less time than it perfonns a synodic 
revolution. The nodical revolution of the moon is made in 
27 d 5 h. 6 m.; the sidereal revolution in 27 d. 7 h. 43 m. ; and 
the synodic revolution in 29 d. 12 h. 44 m. There is also a 
synodic revolution of the node, which is the time during which 
the node comes into the same position with respect to the 
sun, and this is 346*62 days. Now 19 synodical revolutions of 
the node (346*62 x 19 days) =6, 585 *7 8 days, and 223 lunations 
or synodical revolutions of the moon (29*53x223 days) = 
6) 5*^ 5 '32 days. These two periods are both equal to 18 years 
II days nearly, and this interval is known as th.t saros. It is the 
lunar cycle by means of which eclipses were roughly predicted 
before more exact calculations could be made; for at the end 
of the first period the sun and the moon’s node would be 
situated alike, and at the end of the second period the sun and 
moon would be situated alike. If, therefore, an eclipse occur 
at the beginning of the saros^ one will also occur at the end of 
it, and all the eclipses of one period will be found approximately 
to repeat themselves in the next. Another lunar cycle is called 
the metonic cycle. It is a period of 19 Julian years. 

235 synodic months =6, 939 *6 9 days 
19 ordinary years (365|d.)=6,939*6o days 

a difference of only about 2 hours. 

This shows that after 19 years the sun and moon are back in the same 
relative positions, and that after 19 years the phases of the moon will recur 
on the ^me day of the same month. From an ancient Athenian cu.«itom 
of inscribing the dates of these phases in letters of gold on the public monu- 
ment, the number which marks the rank of any year in the metonic cycle is 
called CtiQ golden nutnier. The year i B.c. begins the cycles now in use, 
I-Ience, to find the place of a given year in the lunar or metonic cycle, 
add one to the number of the year a.u., and divide by 19, the remainder 
(or 19 if exactly divisible) is the golden number of the year. Thus for 
1890 the golden number is 10. 

125. Telescopic Features of the Moon’s Surface.— Viewed 
with the naked eye, the moon shows inequalities of surface, 
dark and light patches of various shapes being easily visible. 
But when examined by a good telescope the meaning of these 
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various shades soon becomes apparent, and many curious 
details of its surface can be made out. The dusky portions 
once supposed to be seas^ and still spoken of as such, are ir 
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reality great plains, while the brighter parts are the lunar rhoun- 
tains. The moon^s surface is best studied a little before, or a 
little after, the time of half-moon, for then, the sun shining 
obliquely on our satellite, the shadows of the high peaks may 
be seen cast on the surrounding plains ; and the te 7 'minator^ or 
boundary line of the illuminated part, presents an irregular, 
jagged appearance, owing to the summits of the mountains 
receiving the sun’s light, while the slopes and valleys are still 
in the shade. At full moon the shadows disappear, as the sun 
is then shining perpendicularly down on the moon’s surface. 

Fig. Ill illustrates the telescopic appearance of the moon 
a little before the first quarter. So carefully has the moon’s 
surface been studied in large telescopes that virtually bring it 
within a range of 500 miles, and so frequently have excellent 
photographs of its surface been obtained, that very accurate 
maps have been made, and all the principal objects classified 
and named. Of the twelve large grey plains called ‘seas,’ 
Oceanus Procellarum, Mare Imbrium, Mare Fecunditatis, Mare 
Serenitatis, and Mare Tranquillitatis are the chief. These 
‘ seas ’ are thought by some astronomers to be old sea-bottoms, 
the water having disappeared ages ago, by entering into 
combination with the minerals of the crust. They appear dark 
because the matter now forming their surface reflects less of the 
sun’s light than other parts of the moon’s surface. 

126. Crater Mountains. — The crater mountains are the most curious 
feature of the moon’s surface. These are found on all paits and resemble 



Fig. iia ,— a Typical Lunar Crater. 


the craters of our volcanoes, though many of them are on a much larger 
scale. An ordinary lunar crater consists of a circular depression, often fifty 
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to sixty miles across, surrounded by an elevated ring of mountains rising 
from two to twenty thousand feet high. These circular hollows have fre- 



Fig. J13.— llie Lunar Crater Copernicus, from a drawing by Nasmjth. 


quently flat floors, sometimes above and sometimes below the outside level 
From the middle of the crater there often arises one or more conical peaks, 
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at the top of which smaller holes, or craterlets, have been in some cases de- 
tected. The largest of the crater-shaped mountains are spoken of by sorne 
authors as walled plains. These, in some cases, are more than loo miles in 
diameter, and one of them, called Newton, is surrounded by ramparts 23,000 
feet high. Fig. 113 represents the lunar crater Copernicus, as seen in a 
powerful telescope shortly after sunrise on the mountain. Thus the left- 
hand side of the crater wall casts its shadow on the floor, the irregularities 
of the shadow being caused by the variations of height of the wall. The 
crater is fifty-six miles across, the wall is in parts 11,000 feet above 
the floor, which is considerably below the general surface outside, and one 
of the central mountains is 2,400 feet high. The surrounding wall really 
consists of more or less complete concentric rings separated by ravines 
and chasms. Many smaller craters are seen outside the large crater. 
Other large craters are Plato, Archimedes, Kepler, Gassendi, Tycho, &c. 
All indications of volcanic action appear to have ceased on the moon, though 
some observers think that small changes are still going on. 

Besides the ring mountains there are mountain chains and many 
detached peaks on the moon’s surface ; but the mountain chains are 
relatively insignificant compared with those on the earth, while the craters 
are far larger and relatively more numerous. The heights of the lunar 
mountains have been calculated from the lengths of the shadows cast by the 
peaks at the time they first appear as spots of light at their sunrise. 

Rays and Rills,— Rays sue light-coloured streaks radiating from certain 
of the craters at a distance of several hundred miles. As they seem to pass 
in some cases beneath the mountains, they are probably older than the 
craters and may possibly represent rifts or fissures in an early lunar crust 
filled up by lighter-coloured matter from below, like * trap-dykes ’ on the 
earth. The most remarkable system of rays is that passing from the great 
crater Tycho not far from the moon’s south pole. Rills are clefts or 
furrows extending in a straight line for long distances and passing through 
mountains, craters, and valleys. They may be regarded as deep cracks in 
the moon’s crust, and are plainly of later formation than the crater, which 
they intersect. Crater-mountains, rays, and rills all point to a past period 
of great internal activity on the moon, ‘ when volcanic action even more 
effective (though not probably more energetic) than any which has ever 
taken place on this globe upheaved the moon’s crust.’ That the moon is 
at so much later a stage of planetary life than the earth, supposing it to 
Have been formed at the same time as the earth, or even to have been 
thrown off from the earth, as some writers believe, is easily understood 
when we bear in mind the relative size of the two globes. The mass of the 
earth is eighty -one times that of the moon, but its surface only 13^ times 
as large, and hence the earth must have cooled through its various stages 
at a much slower rate, in fact about six times (81 4* 13 j) more slowly. That 
the moon is now an airless, arid, and lifeless globe, a mere dead and barren 
mass of rock, seems certain. 

127. No Atmospliere and no Water on tlie Moon.— The 
best proof of the absence of an atmosphere is the absence of 
the slightest indication of refraction at the moment when the 
limb of the moon passes between the earth and a star. At such 
occultaiions of the stars, the stars disappear instantaneously, 
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reappearing quite as suddenly.^ This can be shown to indicate 
a refractive power of less than that of the earth. 

Further, there is no evidence of any kind of distortion or haze 
near the edge of the disc, and no indication of clouds or any 
atmospheric phenomena. Without an atmosphere of air there 
can be no water on the surface of the moon, since the water 
would evaporate to form an atmosphere of its own vapour, and 
this could be readily detected. Further, the spectroscope 
shows that the light of the moon is reflected sunlight, pure and 
simple, no trace of any absorptive effect being discernible. If 
the moon ever had an atmosphere, as is probable, and as 
indeed it must have had if it was ever united to the earth, this 
atmosphere must have been absorbed into the cold rocks now 
forming its mass. 

128. Iigh.t aad Heat of the Moon.— The moon has been found to reflect 
a little more than one-sixth of the sunlight that falls on its surface, the 
average albedo, or reflecting power, being 0*174. Its brightness as compared 
with sunlight is given by Zollner as ^xjfeoq* This shows that if the whole 
of the visible hemisphere were covered with moons, they would only give 
about i the amount of the light of the sun. The heat reflected by the moon, 
and radiated off after being absorbed from the sun, is so small that it cannot 
be detected by the most delicate thermometer. By the aid of the thermo- 
electric pile, an instrument in which a very small quantity of heat starts a 
current of electricity, and using a reflecting telescope to concentrate the 
lunar rays, the heat given off from the moon has been rendered evident. 
At full moon the lunar heat has been estimated at part of that re- 
ceived from the sun. On the moon’s surface itself there must be an enor- 
mous change of temperature according as it is turned towards or from 
the sun. When the sun is not shining, the temperature must fall two 
or three hundred degrees below zero, for there is no air blanket to check 
immediate radiation. Even on the sun-lit surface Professor Langley con- 
cludes that the temperature is only about o® C. 

129. Eclipses. — A large, self-luminous, spherical body like 
the sun shines in all directions, and its light falling on the 
much smaller bodies known as planets, long conical shadows, 
tapering to a point, are cast behind them in the spaces where 
this light is entirely intercepted by their opaque globes. When 
the source of light is not a mere point, but of sensible diameter, 
there is also on each side of the dark shadow, a fainter one 
caused by a partial interception of the light. A body entering 

* Occultation (Lai, oceultare^ to hide) is the term applied to the conceal-* 
ment of the stars by the moon as it moves eastwards, or to the concealment 
of Jupiter’s satellites taihind the disc of their primary. 



1 66 Advanced Physiography 

into a shadow is said to suffer an eclipse. An eclipse ol 
the moon is caused when she enters the shadow of the earth ; 
that is, when the earth passes between the sun and moon. 
This can only occur when the moon is in opposition — that is, 
at the time of full moon. An eclipse of the sun is caused 
by the moon passing between the earth and the sun, so that 
the shadow of the moon falls on the earth. It can there- 
fore only occur when the moon is in conjunction, or nearly in 
conjunction, with the sun — that is, at the time of new moon. If 
the moon’s orbit coincided with the plane of the ecliptic, we 
should have an eclipse of the moon at every full moon, and 
an eclipse of the sun at every new moon. But the moon’s 
orbit is inclined to the ecliptic about 5°, and an eclipse can 
therefore only happen if at these times the moon is also at or 
near one of its nodes. At other times the moon is either too 
far above or below the earth’s path for one body to enter the 
shadow of the other. As the motions of the earth and moon 
are accurately known, the relative positions of sun, earth, and 
moon, at any time can be predicted, and the hour and place 
of an eclipse determined by calculation. 

130. Lunar Eclipses. — By the help of fig. 114 we shall be able to un- 
derstand an eclipse of the moon. In fig. 114, where S represents the sun 



and T the earth, the two tangents a b and a! s' meet at o, and the black 
cone bob' seen in section shows the space within which no light falls, 
this central dark shadow being called the umbra. The tangents A b' and 
a' b mark out two diverging spaces (or rather a conical space having c' fcr 
its vertex) where only partial sunshine is received, this lighter shadow 
being called the penumbra. If the moon in its revolution round the earth 
enters the penumbra, a partial loss of the sun’s rays occurs, but this is so 
slight as to be hardly perceptible. As the moon enters the umbra, a notch 
seems to be cut out of it, the edge of the earth’s shadow being always 
circular. In a partial eclipse this darkened portion increases to a certain 
size and then grows less till the eclipse is over. In a total lunar eclipse 
the whole of the moon gradually passes into the umbra. As the breadth 
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of a section of the earth’s dark shadow at the distance of the moon is on the 
average about three diameters of the moon, the duration of totality when the 
moon passes through the axis of the shadow may be nearly two hours, since it 
moves eastward faster than the earth through a space equal to its own dia- 
meter in an hour. \\Tien totally eclipsed, the whole disc of the moon is often 
faintly visible, shining with a dull red light. This is due to the refractive 
power of the earth’s atmosphere, which bends some of the sun’s rays into 
the dark shadow and thus brings them on the surface of the moon. The light 
which thus reaches the moon is red, because the other colours of sunlight 
have suffered absorption in passing through a great thickness of the earUi’s 
atmosphere. Since the moon and the earth’s shadow both move from west 
to east, in consequence of the orbital motion of the two bodies, and since 
the moon’s motion is the more rapid, the moon will pass through the 
earth’s shadow from west to east, the eclipse beginning on its eastern 
limb. On account of the relative size of the earth, and the distance of the 
moon, the length of the earth’s dark umbra is always three or four times 
greater than the moon’s distance, and hence the moon will alwaj^ pass 
entirely into the umbra if at the time of opposition it is at its node. If 
the moon is some distance from its node, there will only be a partial eclipse, 
the amount of surface eclipsed depending on its distance from the node. 
If north of the node its lower portion only may be darkened ; if south of 
the node, the upper portion may catch a part of the earth’s shadow. If 
the moon is more than 12° from its node, no portion of its surface will 
suffer eclipse. A lunar eclipse being caused by the earth’s shadow de- 
priving the moon, or a portion of the moon, of its actual sunlight is visible 
at every place which has the moon above the horizon during the time that 
the light is thus cut off. 

1 3 1. Solar Eclipses. — It will readily be understood that the 
dark shadow cast behind the moon can only fall upon the 
earth when the sun, moon, and earth happen to be in a straight 
line with the moon in the middle. They can only be in such 
a straight line when the new moon is at or near one of its 
nodes. Even then it does not follow that the eclipses of the 
sun will be total on any part of the earth, for the length of the 
moon’s conical shadow is at the greatest only 236,000 miles, 
while the mean distance of the moon is 238,000 miles. Owing, 
however, to the eccentricity of the moon’s orbit, our satellite 
is often considerably within the mean distance, and about the 
time of perigee its umbra may reach the earth’s surface, causing 
a total eclipse to the inhabitants of that part on which it falls. 

The part of the earth involved in total darkness is always 
very small, as the diameter of the cross-section of the shadow 
where the earth cuts it cannot exceed 167 miles 3 but the 
penumbra, within which the eclipse is partial may extend over 
an area of that hemisphere turned towards the sun of more 
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than 200 miles in radius. I'he lunar cone shadow marks out 
on the earth^s surface as the moon moves on its orbit a narrow 
track, within which the eclipse is total. The time during which 
totality lasts at any one place can never be more than a few 
minutes, and is sometimes only a few seconds, the length of 



time depending on the area of the dark shadow that reaches 
the earth, that is on the distance of the moon at the time. In 
fig. ii6 we have a diagram of an eclipse of the sun ; a b repre- 
senting the moon’s monthly path round the earth, and m the 
moon at the time of conjunction. 



Fig, I i6.— Total Eclipse of the Sun. 


To an observer within the dark shadow a io o on the 
earth’s surface the sun will be totally eclipsed. On either side 
of this, in the parts covered by the penumbra or lighter shading, 
do r and a to < 5 , there will be a partial eclipse. 

132. Annular Eclipses of tke Sun.— When the moon is near apogee 
at the time of a solar eclipse, her diameter subtends a less angle than that 
of the sun, and her conical shadow does not reach to the earth. No total 
eclipse can then happen at any part ; but at a place in a line with the 
point of the shadow, the centrd part of the sun will be eclipsed while a 
luminous ring will be seen all round the dark body of the moon. This is 
called an annular (L. annulus, a ring) eclipse of the sun. An annular 
eclipse of the moon^ is impossible, because at its distance tlxe diameter of 
the earth’s .shadow is always greater than the diameter of the moon. 
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133. Frequency of Felipses. — Eclipses 
dI the sun are more frequent than eclipses of 
the moon, because the sun’s ecliptic limits, 
i.e. the distance from the nodes (18 within 
which an eclipse may occur, are greater than 
the moon’s ecliptic limits (12®). Yet at any 
one place more eclipses of the moon are 
visible, because eclipses of the sun are only 
visible on those portions of the earth where 
the shadow of the moon falls, whilst eclipses 
of the moon, due to her actual loss of light, 
are seen over the whole hemisphere that has 
the moon above its horizon at the time its 
light is cut off. The least number of solar 
eclipses that can occur in a year is two, and 
the greatest number is five. No lunar eclipse 
may happen in a year and there may be three. 
The greatest number of eclipses of all kinds 
in a year is seven and the least number two. 
\^en there are seven, five of them are of 
the sun and two of the moon ; when there 
are but two, both are of the sun. 

134. Phenomena observed during a 
Total Solar Eclipse. — A total eclipse of the 
sun is described by those who have been for- 
tunate enough to observe one, as a ^and 
and imposing spectacle. Nothing special is 
noticed until the greater part of the sun’s 
disc is covered, but a few minutes before it 
is entirely obscured, the crescent of sunlight 
becomes so narrow that a strange darkness is 
felt creeping on, and objects acquire a livid 
and unnatural hue. N ature appears disturbed, 
birds go to roost ; flowers close ; and a per- 
ceptible decrease of temperature takes place 
as the time of greatest obscuration draws on. 
I f the observer be on a high mountain, the 
moon’s shadow is now seen sweeping upward 
through the air from the western horizon with 
great velocity, and in a few moments he is 
enveloped in it. The darkness, coming thus 
suddenly and abruptly at the last, is not so 
great as is sometimes imagined, though it is 
sufficiently intense for the brighter stars and 
pixels to be clearly seen. At the same time 
round the black body of the moon the sun’s 
surroundings become visible— the fiery-red 
chromosphere with its prominences, and the 
more extended but fainter halo of lightknown 
as the corona. Professor Langley, who has 
witnessed three total solar eclipses, says : 
* Nearly everyone, then, has seen a partial 
eclipse of the sun, but comparatively few a 



Fig. This figure Qfrom 

Brinckley’s Astronomy) is in- 
tended to exhibit the eflects 
of the shadow of the moon in 
causing an eclipse of the sun, 
and of the shadow of the earth 
in causing an eclipse of the 
moon. 
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total one, which is quite another thing, and worth a journey round the 
world to behold ; for such a nimbus, or glory, as we have suggested the 
possibility of, does actually exist about the sun, and becomes visible to the 
naked eye on the rare occasions when it is visible at all, accompanied by 
phenomena which are unique among celestial wonders. 

‘The “corona,” as this solar crown is called, is seen during a total 
eclipse to consist of a bright inner light next the invisible sun, which melts 
into a fainter and immensely extended radiance (the writer has followed 
the latter to the distance of about ten million miles), and all this inner 
corona is filled with curious detail. All this is to be distinguished from 
another remarkable feature seen at the same time ; for close to the black 
body of the moon are prominences of a vivid crimson and scarlet, rising up 
like mountains from the hidden solar disc, and these are quite distinct from 
the corona, though seen on the background of its pearly light.’ The 
chromosphere, prominences, and corona have already been described in 
Chapter V. 

It is to study the nature of these surroundings of the sun that astronomers 
travel thousands of miles to get into the central track of a total eclipse. 
Their observations at the most can only last seven minutes, and the time 
is often less, for the shadow passes on with nearly the speed of the moon 
in the sky, tracing out a narrow strip w'hich curves across the hemisphere 
turned towards the sun, until it passes off the earth. The next total eclipse 
of the sun will occur on January 22, 1898, and the cential track will 
pass over India and China. On April 16, 1893, was one visible in 
West Africa and South America, the corona being of the stellate type 
(fig. 86), characteristic of a maximum sun-spot period. No total eclipse of 
the sun will be visible in any part of England until June 29, 1927, though 
one may be seen in the north of Spain on May 28, 1900. 


CHAPTER VIIL 

THE TIDES. 

135. The regular rise and fall of the waters of the ocean, at 
any place on the sea-coast, are called tide^. The risings and 
fallings occur on the average twice each in every 24 hours 
51 minutes. The extent of the rise and fall varies greatly at 
different places, as also do the times at which high and low 
water occur. But even at the same place the extent of the rise 
varies from day to day ; twice in every four weeks there occui s 
an extra high tide, and twice an extra low one. The coincidence 
of these two periods, the 24 hours 51 minutes, and the four 
weeks, with the interval of two successive meridian passages of 
the moon, and with the lunar month, point to the close con- 
nection of the moon and the tide.s. 
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136. Causes of the Tides. — The moon is the chief agent 
in causing the tides. The action may be thus explained : e 
represents the earth supposed to be quite covered with water, 
M the moon attracting the solid earth and the water over its 
surface. Its attraction immediately under it is greater than its 
attraction on the slightly more distant solid earth. Hence it 
attracts the water more strongly, and drawing it away from the 
earth, heaps it up around a, causing high water under the 




moon. Similarly it attracts the solid earth more strongly than it 
does the water on the far side of the earth. Hence it draws the 
earth away from the water round b, and leaves the water there 
heaped up ; causing another high water at the opposite side of 
the earth. So that there are two positions of high water, one 
under the moon at a, and the other at the opposite side of the 
earth at b. At the positions half-way between these, as c and d, 
there will be low water, compensating for the high-water levels 
at A and b. It must be distinctly understood that it is not suf- 
ficient to say that the attraction of the moon causes the tides. 
The true cause is the difference of the attraction of the moon on 
the solid earth, and on the water nearest and farthest from itself. 
The sun has a similar effect to the moon in causing a tide. 
But in spite of the sun’s greater attractive power, it is so much 
farther away (about 310 times) that its tidal effect is only about 
two- fifths of that of the moon. It can be mathematically proved 
that ihe tide-producing effect varies directly as the mass and in 
versely as the cube of the distance of the tide-producing body.' 

^ Hence, although the sun^s attraction of the earth is about 200 times as 
great as that of the moon, its tide-producing force is only about two-fifths 
as much. 
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If the solar and lunar tides coincide, there will be an increased 
tide, due to their sum ; if the high water from the one coincides 
with the low water from the other, the resulting tide will be a 
smaller one. due to the difference of the two. As the lunar tide 
is so much the larger, we can look on it as the actual tide, the 
solar tide merely modifying it in such ways as will be pointed out. 

137. The Statical Theory of the Tides.— If the earth and 
moon were at rest, the high tides would be permanent at a and b 
directly under and opposite the moon ; and there would be low 
water all round the circle of the earth passing through c and D, at 
all places equidistant from a and b. Even wdth a rotation of the 
earth in the direction of the arrows in the figure, it would seem 
that every place arriving near a or b would then have high 
water, whilst near c or d it would have low water. This is 
equivalent to saying that a tidal wave would move round the 
earth from east to west (opposite to the earth^s direction of 
rotation), at such a rate as to keep the crest of the wave under 
the moon. But the inertia of the water would make it drag 
behind the moon, so that it always followed it, rather than kept 
directly under it. But again, the varying depths of the ocean 
and the irregular forms of the shores would totally alter this 
tidal wave, giving most complicated results. This statical theory, 
in fact, is quite unsatisfactory so far as actual events are con- 
cerned. It is, however, suitable in connection with observations 
on actual tides for explaining their general theory. 

138. Daily Changes of the Tides.— Referring to the figure 
(117), we see that each place on the ocean twice daily, by the 
rotation of the earth, is carried through the positions of high 
and low water. But the interval of a complete change is not 
^e twenty-four hours required for the rotation of the earth. It 
is rather more, for while the earth is turning round once, the 
moon moves on in its orbit round the earth from m to n, so 
that the earth has to turn a little farther for a given place to 
overtake the moon and come to a position of high water. The 
interval for the tides will be much the same as the interval of 
successive meridian passages of the moon, so that the interval 
then between corresponding tides in successive days is on the 
average 24 h. 57 m. In that period there are two high tides 



The Tides 


t73 


and two low tides. When the water is rising it is flood tide, 
when falling it is ebb tide ; when the tide is at its highest it is 
high water, when lowest it is low wafer, 

139. Tortnightly Changes : Spring and Neap Tides. — At 
intervals of a fortnight there are high tides which rise higher 



Fig. xt8 . 

than usual, and between these others not so high as usual. 
The cause of these fortnightly changes is the joint action of sun 
and moon as tide-producing bodies. Fig. 118 represents these 
effects. E is the earth, m^, Mg, M3, M4, four positions of the 
moon at intervals of a week ; the sun is away on the right. The 
motions of the bodies are represented by arrows, and the tides 
by the dotted lines round the earth. When the moon is at Mj 
or M3, i.e. at new or full moon, the sun's tide-producing force 
is added to that of the moon, and together they produce the 
highest tide. These extra-high tides are called Spring Tides, 
"When the moon is at Mg or M4 in the first and third quarters 
lunar high water corresponds to solar low water, and the resultant 
effect is a tide not so high as usual. These smaller tides are 
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called Tides, Spring tides are then the highest in the 
month, and neap tides the lowest.^ 

Priming and Lagging of the Tides, — A further result of the 
disturbing effect of the solar tide on the larger lunar tide is a 
change in the interval between successive tides. Instead of 
high water occurring under the moon, it is made to occur on a 
meridian rather nearer to the sun. At the time of spring tides 
the intervals are rather shorter than the average, being only 
about 24h. 38m. This is the priming of the tides; but at neap 
tides we get a lagging, the interval being greater, about 25h. 6m, 

140. Tides in relation to Moon’s Age. — i. At new moon 
the sun and moon are in conjunction, the moon’s age is o days: 
it passes the meridian at the same time as the sun, and spring- 
tides occur. 

2. At the first quarter the moon’s age is 7^ days : it passes 
the meridian 6h. later than the sun, and neap tides occur. 

3. At full moon, the moon is in opposition, its age is 15 
days : it passes the meridian twelve hours later than the sun, 
and spring-tides again occur. 

4. At the last quarter the moon’s age is 22^ days : it passes 
the meridian 18 h. later (or 6 h. sooner) than the sun, and neap 
tides again occur. 

141. The EstabHshment of a Port. — At every port it is 
observed that high-water seems to follow the moon’s meridional 
passage by a certain interval of time. This interval varies 
greatly for different ports, but is fairly constant for the same 
port, and, once known, is very useful for purposes of foretelling 
the time of high-water at that particular port. It is called the 
establishment of the port, and is the mean interval between the 
time of high-water and the preceding meridional passage of the 
moon. How very much it varies for different ports will be 
understood later in the discussion of the actual occurrences of 
tides and co-tidal lines. For example, at Gibraltar it is nearly 
zero ; at Dunkirk nearly lah. ; at New York it is 8h. 13 m. 

142. Other periodic Variations in the Tides.— Solar and 

' As the lunar tide-producing force is to that of the sun nearly in the 
poportion of 5 to 2, the relative he^ht of the spring and neap tides will 
be as about 7 to 3 (i.e. 5 + 2 to 5 —2). 



The Tides 


175 


lunar tides are greatest when the sun and moon are nearest to 
the earth, and when they are most directly over the equator. 
First, then, the heights of spring and neap tides will vary 
according to the nearness or remoteness of the moon and sun. 
The greatest and least distances of the moon from the earth 
are as 8 to 7 ; of the sun from the earth as 30 to 29. Though 
ihe sun is nearest on January i, it is then far from the equator. 
But for the new and full moons which occur near the equinoxes 
(March 21 and September 23), with both the sun and moon 
nearly vertically over the equator, there are unusually high tides 
known as equinoctial spring tides. 

143. The Wave Theory of Tides. — The previous explanation 
of the cause of the tides is sufficiently correct, but by no means 
accurately indicates the real tidal effects that are observed. 
The simple theory would indicate two tidal waves moving from 
east to west at such a rate as to accomplish the journey round 
the earth in 24h. 51m., the crests of the wave being under the 
moon and on the opposite side of the earth to the moon, or, at 
any rate, close to these portions. But such considerable effects 
are produced by the variation in ocean depth by shoals and by 
the configuration of the continents that all this is changed. In 
the Atlantic Ocean, for instance, the tidal wave advances from 
south to north ; and near the western coast of Europe, indeed, 
moves eastward rather than westward. Careful observations at 
many stations are needed to fully understand these peculiarities. 
Codidaliines are lines drawn on the surface of the ocean through 
all places that have high water at the same moment of Greenwich 
time. They indicate the crest of the tidal wave for each hour, 
and if they could be laid down with certainty for the whole 
ocean surface, we should have all the information we need 
about the motion of the tidal vrave. Unfortunately, this cannot 
/d done, for observations in mid-ocean cannot be made, and 
we only have them for islands and coasts. So that these tidal 
lines are in part guesswork. Nevertheless, near such a coast 
as the English, observations are frequent, and the co-tidal lines 
consequently accurate. A map showing the co-tidal lines for 
the British Islands is inserted on page 295. 

144. Course of the Tidal Wave. — From a map of the tidal- 



176 Advanced Physiography 

lines of the whole world, it would seem that a main wave 
starts twice a day in the Southern Pacific, off Callao in South 
America. This is the most natural source for the tidal wave 
to start from, for it is in this part of the world that the extent 
of ocean subject to tidal influence is greatest. From this start- 
ing-place the wave spreads out over the Pacific. It must be 
remembered that there is no actual transfer of water like there 
is in a river or in the Gulf Stream ; but the mere up-and-down 
motion which constitutes a wave. The rate of the wave in 
crossing the sea depends on the depth of the water. The 
parent wave, starting off Callao, moves off north-west through 
the deep Pacific at about 850 miles per hour, reaching Kam- 
schatka in ten hours ; westward and southward through a shal- 
lower portion, it travels slower, from 400 to 600 miles per hour, 
reaching New Zealand in about twelve hours. Passing Aus- 
tralia it combines with the small tide which the moon directly 
causes in the Indian Ocean, and passes the Cape of Good 
Hope in about twenty-nine hours. It then enters the Atlantic 
and combines with the wave which has preceded it by twenty- 
four hours round Cape Horn ; and also combining with the 
direct tide of the Atlantic, travels northwards at about 790 
miles per hour. The co-tidal lines are here arched northwards, 
the central parts travelling faster, the sides being dragged back 
by the American and African coasts. It is forty-one or forty- 
two hours old at New York. On the British Islands it is 
broken up, part proceeding up the English Channel, part 
rounding Scotland and coming down into the North Sea. The 
London tide coming from the North Sea round Scotland is 
about sixty hours old ; about the same as for the ports on the 
German Ocean. The tidal wave sweeps eastward on to Nor- 
way and round the North Cape into the Arctic Ocean. There 
are then three or four wave-crests travelling across the large 
oceans, existing simultaneously and following the same track. 
AVliilst up estuaries, as in the mouth of the Amazon, the wave- 
crest travels slowly, and may be three or four days old from its 
original start in the Pacific. 

145. Height of Tides. — In mid-ocean the tidal undulation is 
only about two or three feet high, as shown at isolated islands 
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like St. Helena. But on continental shores with a shallow 
depth of water, the wave travels slowly and heaps itself up 
higher. In mid-ocean the water has no onward motion, but 
near the land the rising tide floods the bays and flats around, 
running out again at the ebb. The tidal currents have a 
velocity quite different from that of the tidal wave itself. If the 
tide rushes into a funnel-shaped estuary or bay, it may heap 
itself up to a great height at the top of the bay. For instance, 
in the mouth of the Severn near Bristol there are tides of flfty 
feet, though on the opposite Irish coast the rise is about 
two feet ; while in the Bay of Fundy tides of seventy feet are 
fairly common, and with a favourable wind even too feet is 
attained. 

146. Tidal Bores. — Sometimes the tide ascends a river 
like the Severn, Seine, and Amazon in a great wave called a 
dore^ with an almost vertical front of some few feet in height. 
This tidal phenomenon is due to the fact that the wide estuary 
at the mouth contracts like a funnel, and causes the inflowing 
tidal water to accumulate as an advancing ridge. On the 
Hooghly branch of the Ganges, the bore travels 70 miles in 
four hours, and is often seven feet high. 

147. Tidal Interference. — ^I'he coasts of the British Isles 
afford many instances of tidal interference. For example, on 
our east coast the tide waves come round both from the north 
end of Scotland and from the Straits of Dover. These waves 
so interfere with or aid one another as to produce a tide of 
nearly double the height at one place ; at other places not 
far away there may be hardly any tide; whilst at others, again, 
there may be even four distinct high waters in one day. 

148. Tides in Inland Seas and Lakes.— These are very 
small. Even in the Mediterranean the tidal rise and fall is 
only about eighteen inches, or at the highest, in some bays, 
three or four feet. On the great fresh-'watcr lakes of America, 
a very small tide of an inch or two has been detected ; but 
variations in the wind and barometric pressure cause greater 
deviations of level than these true tides. 

149. Masses of the Sun and Moon calculated from the 
Tides.— The spring tides are caused by the sun and moon 

11, N 
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conjointly, and the neap tides by the difference of their attrac- 
tions, Hence we can infer the relative amounts due to sun 
and moon respectively ; and if we know their distances we can 
calculate their relative masses, so that they shall have this 
tide-producing power. 

150. Effect of the Tides on the Earth’s Rotation.— The 
tides, in their westward and forward flow, show a considerable 
store of energy. Whence is this energy deduced ? It has been 
shown to be an abstraction from the earth’s rotational energy. 
In fact the tides moving westward act as a break on the earth 
rotating eastward. So they are gradually, by their friction, 
lengthening the period of rotation or the length of the day ; 
but the change is extremely slow — not so much as the 

part of a second in 1,000 years. 

15 1. Effect of the Tides on the Moon’s Motion.— The tides 
not only reduce the earth’s rotational energy, but transfer a 
small part of it to the moon. The explanation of this, though 
not simple, is quite certain by mathematical methods. The 
consequence is to increase the velocity of the moon and then 
to increase the size of its orbit, so that the moon is retreating 
and formerly was closer than now. From these actions of the 
tides on the earth and moon Professor G. H. Darwin has 
deduced his theory of Tidal Evolution.^ This states that our 
moon, and the satellites of other planets, started from the 
planets and were driven out to their present positions by the 
action of the tides. A popular account of the theory will be 
found in Dr. Ball’s ‘Time and Tide.’ 


CHAPTER IX. 

COMETS AND METEORS, 

152. General Appearance of Comets, — The word comet {Gu 
home, hair) really means hairy star, and these bodies are so 
called because, when visible to the naked eye, the appearance 

* See note in Appendix, p. 371. 
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is usually that of a misty star carrying with it a streaming train 
of faint light. They only become visible for a comparatively 
short time, and after describing a longer or shorter path among 
the stars, disappear from sight. The two parts referred to are 
usually spoken of as the head and fail The head itself, how- 
ever, often consists of two portions — a central bright portion 
called the nucleus^ and a surrounding fainter 
part, of spherical or oval shape, called the 
co 7 na. The tail consists, when present, of 
a train of dimmer light flowing from the 
head, and always turned away from the 
sun. When first descried in the telescope 
at a great distance from the sun, comets 
appear simply as round, nebulous-looking 
bodies, the nucleus being hardly discern- 
ible. As they approach the sun in their 
orbital motion, the tails, as a rule, begin to appear, increasing 
in length as they get nearer ; and in some cases the nucleus 
at this approach is seen to emit jets or streamers of light, and 
to throw off a series of shells or layers which expand outwards. 
This development of jets and envelopes is usually accompanied 
by changes in the brilliancy and magnitude of the nucleus. 
After passing round the sun, the activity of the nucleus abates 
as the comet recedes, and when followed to a great distance by 
the telescope, the object passes again into a mere misty disc. 
In some cases two or three nuclei have been seen, while in 
some of the smaller comets neither nucleus nor tail appears, 
and the comet is then a mere ‘ patch of foggy light of more or 
less irregular form.^ 

153. Humber and Designation of Comets. — ^At present the 
number of comets known exceeds 700, but faint ones are con- 
tinually being found by the telescope. Many doubtless exist 
whose nearest approach to the earth will lie outside any plane- 
tary orbit, so that they will never become visible even to our 
telescopes, and hence the total number must be very great. 
They are usually named after the astronomer who discovers 
them ; but in some cases they are designated by the year of 
tiiscovery, a Roman numeral indicating the order of their dis- 
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Fig. 119.— Donati’s 
Comet on June a, 1858. 
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covery. Thus we have Encke’s comet, Swift’s comet, Donati’s 
comet, &c. This last may also be given as Comet VI. 1858. 
154. Orbits of Comets. — Some of the comets move in ellipti- 
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cal orbits, but of much greater 
eccentricity than the orbits 
of the planets, so that their 
ellipses are greatly elongated. 
In such cases they have a 
regular period of revolution, 
and are spoken of as periodic 
cc^ieh. Their elements can 
be determined, $0 that the 
time when they will approach 
sufficiently near to be visi- 
ble can be safely predicted. 
Fig. 120 shows the orbit of 
Halley’s comet. Its time of 
revolution is 76 years, and 
at its perihelion it is nearer 
the sun than the earth, while 
at aphelion it passes outside 
the orbit of Neptune. The 
comets whose orbits are 
ellipses are divided into two 
classes : shoy-tperiod comets 
with periods less than 100 
years, and longperiod comets 
with periods estimated in 
thousands of years. Thus 
the comet seen in 185 8 has 
a period of 2,100 years, and 
the comet of 1844 a period of 
100,000 years. The follow- 
ing list supplies some data 
respecting the chief short- 
period comets. It will be 


noticed that in several cases the perihelion distances are less 
than that of the earth ; in fact, nearly three-fourths of the total 
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number of comets observed have their perihelion distance 
within the earth’s orbit. In some instances comets have been 
observed that must have almost grazed the sun when nearest 
to that body. 


Comet 

Period 

Perihelion 

distance 

Aphelion 

distance 

Next return 

Encke’s 
Tempel’s 1. . 
Winnecke's . 
Brorsen’s . . 
Swift’s . . . 

Tempel’s 1 . . 
D’Arrest’s 
Faye’s . . . 

Tuttle’s . . 

Years 

3-29 

s-is 

5*54 

5 -58 
6*00 
5-98 
6*64 

7 '44 
13*66 

32.000. 000 

125.000. 000 

72.500.000 

57.500.000 
99> 500,000 

164.000. 000 

109.000. 000 

157.000. 000 

96.000. 000 

381.000. 000 

433 . 000 . 000 

511.000. 000 

526.000. 000 

478.000. 000 

448.000. 000 

532.000. 000 

550.000. 000 

977 . 000 . 000 

1891, Oct. 

1894, Feb. 

1891, Dec. 

1890, April 

1892, Oct. 

1891, April 
1890, Sept. 

1895, Dec. 
1S99, March 


But we now hasten to remark that a large number of comets do not 
move in closed curves like the ellipse, but in parabolic orbits, or orbits so 
nearly parabolic that the difference cannot be detected, and as the parabola 
is an open curve, and not closed like the ellipse, when they have passed 
round the sun they pass away into space, perhaps for ever— coming, we 
know not whence, returning, we know not whither. Further the orbits of 
comets differ from those of the planets in the fact that they are in planes 
inclined at all possible angles to the ecliptic, and their ascending nodes are 
.bund at all points of the same. As to the direction in which they move, 
some pass from west to east, and thus have a direct motion like the planets, 
but^ that of many others is retrograde. All the elliptical comets with 
periods of less than xoo years, except Halley’s, are among those whose 
motion is direct. The relation of certain cometary orbits to that of some 
of the planets is also remarkable. Thus all the comets whose periods are 
less than eight years have orbits which bring them close to that of Jupiter 
at some point of their paths, and in cases w'here the orbit of the comet 
crosses that of Jupiter, one of the nodes is near the place of intersection, 
so that the planet and the comet might thus be brought close together, if 
they happened to be at this point of their orbits at the same time. The 
orbits of the seventy-five-year comets have a similar relation to that of 
Neptune. Such relations have led to the partition of many comets into 
families among the planets. Jupiter’s family numbers sixteen, and includes 
all the short-period comets above mentioned. Neptune has a family of 
six, including Halley’s ; Saturn has two, and three are assigned to Uranus. 
Further, these relations have also led to a theory as to the origin of these 
comet families which regards the respective members of each family as 
having been specially influenced by those planets to which they now be- 
long. For comets are not such old members of the solar system as the 
planets. They probably represent nebulous matter drawn into our system 
by the sun’s attractive energy. As the solar system courses on through 
space it may meet a meteoric cloud patch and draw out the constitueni 
meteors into a parabolic swarm. A comet coming into the solar 
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system from outer space, so that it is brought, in its parabolic orbit, near a 
planet, will have its motion either accelerated or retarded. In the first 
case its orbit would become a hyperbola, and when the comet had once 
passed the sun, it would never be seen again. But if its motion were re- 
tarded by the planet, its orbit would become elliptical, and the comet 
would acquire a regular period. Further diminution of velocity by the 
influence of the planet, and a further diminution of the size of its orbit to 
a certain limit, are also conceivable, and thus, with sufficient time and 
material to work upon, a family of comets, such as those which exist, 
might arise. 


155. Dimensions of Comets. — The head or co 77 ia of comets 
has a diameter varying from 40,000 miles upwards. Donati’s 

comet of 1858 had a diameter of 250,000 
miles, while the head of the 1811 comet 
had at one time a diameter far exceeding 
that of the sun. It is a curious fact that the 
head contracts as the comet gets nearer the 
sun, notwithstanding the increased acti- 
vity then set up by the sun, as is shown 
by the jets of vapour that rush forth from 
the coma. Probably the change is only 
optical, a part of the cometary matter 
becoming invisible. The diameter of 
the nucleus is sometimes as small as 100 
miles, and sometimes as large as 8,000 
miles. It undergoes changes which seem 
rather to depend on its activity at the 
particular time than on its distance from 
the sun. The tail in many comets is the 
most striking feature, for its size is often 
enormous. Projecting from the coma, 
and usually increasing in width the fur- 
ther it goes, its length is seldom less than 
10,000,000 miles, and in many cases it 
has reached 100,000,000. The total 
bulk or volume of many comets with such 
trains will therefore exceed many thousand times the volume of 
the sun itself. i 

156. Mass and Density of Comets.— But though the 
volume of comets may be so prodigious, the mass or weight is 
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Fic;, taT,— Donati’s Cornel 
on October 5, 1858. 
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always very small, even when we include the nucleus, which is 
the most closely packed portion. We are certain of this ; be- 
cause it has never been possible to detect any effect produced 
by a comet upon the earth or any other planet, although 
comets have often come so near a planetary body that their 
own orbits have suffered a complete change. Yet as the 
attraction of gravitation is always mutual, if they had contained 
but a very small fraction (vTjirWff) quantity of matter in 

the earth, appreciable effects would have occurred. But though 
the total mass cannot exceed the above fraction of a planet, 
it may be even many thousand times less, but we cannot say. 
The volume of a comet being so great and the mass so small, 
the density must necessarily be very minute. The quantity of 
matter in a cubic mile, for example, especially in the tail, must 
be small beyond all conception. This excessively small density 
is further confirmed by the fact that the small stars can be 
seen both through the head and tail of a comet with hardly 
any sensible diminution of their brightness. This excessively 
small mass and density does not compel us to conclude that 
the whole comet consists of extremely tenuous gas, as some 
have supposed \ for it is more likely, as we shall presently see, 
that there are in it, or at any rate in the nucleus, numerous 
small, solid substances, widely separated, the inter-spaces only 
being filled with vapour. 

1 57. Changes undergone by a Comet. - As a comet approaches the 
sun, rapid and extensive changes are often seen. * Under the sun*s influ- 
ence luminous jets issue from the matter of the nucleus on the side exposed 
to the sun’s heat. They are almost immediately arrested in their motion 
sunwards, and form a luminous cap : the matter of this cap then appears 
to stream out into the tail, as if by a violent wind setting against it.’ 
This is explained by assuming a repulsive force of some kind acting 
between the sun and the matter emitted from the nucleus. Such a 
repulsive action would emanate from the sun if we suppose the sun’s sur- 
face and the highly attenuated matter given off from the head of the comet 
to be in the same electrical condition, and this force, varying as the extent 
of surface, and not as the mass, would easily overpower the sun’s attractive 
force on the extremely rare material expelled into a comet’s tail. We may 
therefore regard the tail of a comet as formed of material driven off from 
the nucleus. Some of the larger comets when near the sun have their 
hea^s veined by jets of light passing from the nucleus, while others 
show a series of envelopes surrounding the nucleus, * like hollow shells 
one within the other.’ Fig 122 gives a view of the head of the coinet 
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of i86i, showing a number of luminous jets streaming out towards thj 
sun and at a certain point arching round to form the envelopes just spoken 
of. 

The matter thus repelled from the head of a comet, and again drivers 
back by the repulsive action of the sun, goes to form the curved streamer 
of light known as the tail, the curve of the tail being always convex to the 
direction of the comet’s motion. The tail is believed by some to consist 
of the repelled particles arranged into a hollow horn-shaped cone, but the 
exact form is thought to depend on the relative amount of the sun’s repul 
sive action on the matter composing the tail. Bredichin, a Russiar 
astronomer, has accordingly distinguished three types of tails ; — (i) Long, 
almost straight tails, formed of matter on which the sun’s repulsive action 
is vtry grcit, so that the particles leave the head at a great speed. Thes-r 



Fig. laa. — Head of the Comet of i86i, as observed by Secchi on June 30. 


tails are believed to consist mainly of hydrogen. (2) Curved, plume-like 
tmls, consisting ol matter less forcibly repelled than in the rirst tjme. 
These tails are thought to consist of hydrocarbons mainly. (3) Short and 
sharply curved tails, formed of matter on which the repulsive force is but 
small. Such tails may consist of the vapours of sodium, iron, and other 
metals. Many comets exhibit tails of more than one type. A comet’s 
tail IS always directed from the sun, so that as the comet approaches the 
sun the tail seems to foll(m it, but as the comet leaves the sun the tail 
precedes, instead of following. This persistent position of the tail awav 
from the sun is illustrated by fig. 123. Here the position of the sun on 
the ecliptic is marked on the lower line for September 27, October 8, and 
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Octobti 14, and these places are connected by straight lines with the posi- 
tions of the comet on these dates. 

As far as we can see, each return of a comet to the sun must result in 
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a loss of a portion of its substance ; for it is then that the increased activity 
of the head reaches its greatest height and the tail its greatest length. 
The matter repelled represents a waste of the comet’s material, for it can* 
not be recovered by the nucleus, but must pass off into space. There some 
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of the heavier vapours may condense, to again form small meteors, or the 
particles may be picked up by a planet as it passes through them. Many 
short’period comets have little or no tail, all the tail-forming material 
having apparently been previously set free. 

158. Structure of Comets. — ^The most probable hypothesis 
regarding the nature of comets is that which regards the 
nucleus as consisting of a cloud of meteoric particles, most of 
the particles carrying with them an envelope of gaseous matter, 
often some form of carbon. How large these particles are it is 
impossible to say, but how sparsely scattered these particles must 
be is evident from what has been said about the extremely 
small density and the transparency of comets. As the comet 
gets near the sun, a tidal disturbance is set up in the swarm 
by solar attraction, the particles nearest the sun being most 
affected. The collisions between the particles thus increasing, 
the comet becomes hotter, and the meteoric vapours or dust- 
particles driven out of the head are repelled, to form the tail as 
already described. The light of the comet may be due in part 
to the heat generated by these collisions, and in part to electric 
discharges between the particles generated by solar influence. 
The powerful effect of a near approach to the sun has been 
observed on several occasions, notably in the case of Donati’s 
comet, when the tail increased, between September 23 and 
October 10, from fifteen millions of miles to fifty-five millions 
of miles. 

159. Spectra of Comets. — The light of a comet is in part 
reflected sunlight, and in part original, as is proved by spectro- 
scopic examination. The inherent or original light is probably 
due to collisions among the meteoric particles and to electrical 
excitation combined. When examined in a suitable spectro- 
scope a comet usually shows a faint continuous spectrum (the 
Fraunhofer lines b^ing sometimes visible in this) over which 
are seen three bright bands, one in the yellow, one in the 
green, and one in the blue. These three comet-bands are 
attributed to hot carbon radiation, as an electric discharge 
through hydro-carbons, such as olefiant gas, seems to dissociate 
these compounds and give this same carbon-spectrum. It is 
also given when hydro-carbons burn in air or oxygen, the 
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blue flame of a Bunsen burner furnishing this spectrum per- 
fectly. 

Thus the carbon bands appear to point to the presence of 
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Spectrum of Carbon in Olive Oil. 



Spectrum of Carbon in Olefiant Gas. 



Winnecke's Comet II. 1868. 



Brors>en's Comet 1 . 1868. 



F iG. 124. - Spectra of Comets. 


some form of carbon in comets. Professor Lockyer, in a paper 
read before the Royal Society, has pointed out that the spectrum 
above described is only one of the spectra furnished by a comet, 
the particular spectrum furnished by any comet depending on its 
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proximity to the sun. Examined at a great distance from the 
sun, a line, or the edge of a bright fluting, is visible near \ 500 ; 
after this bands indicative of cool carbon appear ; next appear 
the three hot carbon bands already mentioned ; to these are now 
added light radiated from manganese and lead ; signs of man- 
ganese and lead absorption now follow in the masking of the 
yellow carbon band ; finally, at or near perihelion, in the cases 
of those comets coming very near the sun at this time, bright 
lines due to sodium and iron occasionally appear. This last 
was the case with the great comet of 1882, which approached 
at perihelion within half a million miles of the sun, whild in 
the case of Winnecke’s comet, which never got nearer than 
70,000,000 miles, the heat produced by the sun^s disturbance 
never became sufficiently great to bring out the bright iron 
lines. As the comet leaves the sun these variations in its 
spectra take place in reverse order. The sequence of pheno- 
mena thus observed, as a comet approaches or recedes from 
the sun, corresponds so closely with what is observed when 
meteorites are successively submitted to increasing temperatures, 
and the light examined by the spectroscope, that the meteoric 
view of the constitutions of comets is rendered almost cer- 
tain. Both nucleus and tail being transparent, and the total 
mass being so very small, it is evident that the separate par- 
ticles or meteorites constituting a comet must be widely sepa- 
rated from each other and cannot be very great, the whole 
thing consisting of a loose, transparent, revolving swarm, pro- 
bably drawn or hurled into the solar system from interstellar 
space. 

160. Three remarkable Comets.* — Of the many remarkable 
comets whose appearance has been described, we have only 
space to speak of three. Halley’s comet is of great interest, 
because it was the first whose period of revolution was estimated. 
From calculations made from observations of the comet of 1682, 
Halley found the orbit of this comet to be the same as that of 
great comets which had appeared in 1607 and 1531, and hence 
he concluded that these comets were really the same object, 
and that its periodic time was 75 years. The slight diflerence in 
the intervals he supposed were due to perturbations produced 
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by the planets Jupiter and Saturn. By computing the amount 
of these disturbances, a return of the comet in 1759 was 
predicted, and it actually passed its perihelion on March 12 
of that year. Another return was predicted for 1835, and 
its perihelion passage occurred on November 16 of that 
year. Its next return will be in 1911. Encke first pointed 
out the periodicity of a small telescopic comet that bears his 
name in the year 1819. Its period of revolution is only about 
3^ years, but this period diminishes about two and a half hours 
for each revolution, so that it is now more than two days less 
than when first estimated. As its periodic time is shortening, 
the size of its orbit must be getting less, for a short periodic 
time and a small orbit go together. But its velocity must 
increase, as can be proved by mathematics. This diminution 
in its periodic time, and in the extent of its orbit, has been 
referred to the resistance of an interplanetary medium, but 
the explanation is not entirely satisfactory. Biela^s comet has 
a remarkable history, for, as a comet, it has passed out of 
existence. It was discovered by an Austrian named Biela, in 
1826, and was shortly afterwards found to have a periodic time 
of 6i years. It duly returned in 1832 and 1839, but at its 
next return, in 1845, it divided into two. The twin comets 
pursued the same path, and when next seen in 1852 were more 
than a million miles apart. Neither of these comets have ever 
appeared as comets since, although their orbit intersects that 
of the earth very near the point occupied by the latter at the 
end of September. But on November 27, 1872, as the earth 
was passing this point of the lost comet’s path, a brilliant 
shower of meteors or falling stars was seen raining down at 
the rate of thousands in an hour. The same thing happened 
again in 1885, and on both these occasions the meteors 
appeared to radiate from a point in the constellation Andromeda, 
so that they are frequently called Andromedes, Now the 
direction from which these meteors come is the same as that 
from which Biela’s comet comes, and the times at which they 
have been noticed are times when the return of Biela’s comet 
was expected. We are therefore justified in regarding these 
meteors as t^e * pulverised products ’ of the disintegration of 
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the vanished comet, and also in looking upon their orbits as 
the same as that of the lost comet. Besides Biela’s comet, 
there are other comets which have, in all likelihood, divided 
into two or more distinct bodies, though they are not known 
to have afterwards been disintegrated into meteoric swarms. 
Thus there are groups of comets revolving in the same orbits 
and following one another at intervals, as if they had once been 
united. 

1 6 1. Meteors. — The term 77 ieteor is now generally applied 
to certain sudden luminous phenomena, which, though occur- 
^•ing in the higher regions of the atmosphere, have an origin 



Fig. 125.— Balls of Fire seen through the Telescope. 


external to our gaseous envelope. Meteors may be regarded 
as of three varieties: (i) shooting or falling stars^ {2) fireballs 
or bolides^ (3) aerolites or meteorites. Shooting stars are the 
commonest oi meteoric phenomena. A point of light like a star 
suddenly appears and, rushing across the sky, leaves a trail of 
light that usually disappears in a second. The kind of meteor 
known as z fire-ball, or bolide, appears as a train of light rush- 
ing through the air, and at one part of its course bursting into 
fragments, with a loud noise often heard over a considerable 
area. 

But the most remarkable and the rarest kind of meteor 
is one in which the flash of light and the loud detonation 
is followed by a body falling on the ground, the substance 
thus reaching the earth being called a meteorite or uranolith 
(heaven-stone). What has been learnt from the examina- 
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tion of such substances in the laboratory will presently be set 
forth. 

None of these bodies are in any sense real stars^ and the 
different kinds spoken of seem to have a like astronomical 
character, probably differing only in size, velocity, and constitu- 
tion. The labours of astronomers have shown that they are of 
celestial origin, and consist of fragmentary masses revolving 
round the sun in orbits some of which cross the path of the 
earth. Should any strike our atmosphere, or be drawn into 
it by the earth’s attraction, they are set on fire by the heat 
generated through the resistance offered to their passage by 
the air compressed in front of them owing to their rapid motion, 
and we then see them as streaks of light. These, however, 
form but a small fraction of a vast number circulating 
in all regions of space. We say a vast number^ because if 
only one of these small dark bodies exist in 100 cubic 
miles of space, there would be countless millions within the 
planetary orbits. Of recent years much attention has been 
paid to these bodies, for they are found to play a much 
more important part in the universe than was at one time sus- 
pected. 

162. Identity of Cometary and Meteoric Orbits. — ^The 
connection between comets and meteors, established by the 
effects observed through the disruption of Biela’s Comet, has 
been found to hold in other cases. Though we may see a 
number of meteors or shooting-stars on any clear night, yet 
there are times at which special displays may be noticed. Such 
star-showers, as these extraordinary displays are called, are 
produced when the earth in its orbit encounters a stream of 
small bodies moving round the sun; for, when one of these 
bodies, moving with great velocity, strikes our atmosphere, also 
moving forward, with the earth in its orbit, at a velocity of over 
60,000 miles an hour, it is made so hot by the friction that it 
burns, leaving a blazing streak across the sky till it is consumed. 
Four meteor-streams are well known, and their orbits have been 
found identical with those of four comets. The names of these 
streams, the date at which the earth crosses the orbit of each 
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stream, so as to produce the meteor-shower, and the comets with 
which each stream has been identified, are as follows : — 


Name of shower 

Date of appearance 

Comet having identical 
orbit 

Lyrids 

Perseids 

Leonids 

Andromedes or Bielas 

April 19 to 20 

August 9 to I r 
November 12 to 14 
November 27 

Comet I. 1861 
Comet III. 1862 
Comet I. 1866 
Comet III, 1852 


The case of the Andromedes has already been considered. 
The great November shower is that of the Leonids, An 
examination of old records shows that there has been a great 
autumnal display of meteors on November 13, at intervals of 
about 33 years, the last display occurring in 1866. Careful 
investigation has shown that this shower is due to a swarm of 
meteors revolving round the sun in an elliptical orbit which 
intersects the earth’s orbit at the point through which the latter 
passes about November 13, the period of revolution being 33^ 
years. If the meteors were scattered uniformly along the orbit, 
we should see an equal display every year on this date, but if 
they are mainly crowded along a certain part, the display will 
be greatest as the earth passes through the thickest portion of 
the swarm. Now the earth meets this thickest part of the 
swarm, at intervals of 33!- years, on November 12, and ac- 
cordingly, on this night, and on two or three nights on each 
side of this date, so broad is the swarm, a remarkable manifes- 
tation of shooting-stars is observed. Moreover, as the crowded 
part of the swarm is considerably extended along the orbit, 
it takes two or three years to pass the point of contact with 
the earth’s orbit, and so the display is observed at this date 
for several succeeding years. Stragglers, too, appear to exist 
all along the path. The earth will next meet the main part of this 
great swarm in November, 1899, when another splendid display 
may be looked for. From the light given out by these bodies 
when they strike our atmosphere, a rough estimate of their sizes 
has been formed, and Professor Langley speaks of them ‘as solid 
shot, of the average size of something like a cherry, or perhaps 
even of a cherry-stone, yet each an independent planetoid^ 
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flying with a hundred times the speed of a rifle- bullet on its 
separate way as far out as the orbit of Uranus ; coining back 
three times in a century to about the earth’s distance from the 



Pig. 126.— Part of the Orbits of the August and November Meteor Showers. (Orbits of 
Comets lll.f X862, and 1 ., x866.) 


sun, and repeating this march for ever, unless it happens to 
strike the atmosphere of the earth itself, when there comes a 
sudden flash of fire from the contact, and the distinct existence 
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of the little body, which may have lasted for hundreds of 
thousands of years, is ended in a second/ 

When the elements of the orbit of these November meteors 
had been determined, it was soon found that a small comet 
discovered by Tempel (Comet I., 1866) was moving in the 
same orbit, an orbit with its perihelion point lying on the 
earth’s orbit, its aphelion point beyond Uranus, and an inclina- 
tion to the ecliptic of about 17®, and we have the important 
result established that ‘ The November meteoric showers arise 
from the earth encountering a swarm of particles following 
Tempers comet in its orbit/ Fig. 126 shows a portion of the 
orbit of the November meteors, and how the earth’s orbit 
comes in contact with the swarm, when it happens to be at 
the point where the two orbits cross. The date of the thickest 
shower undergoes a slight change as the point of intersection 
of the two orbits moves forward nearly 1*5® in a century, owing 
to a change in the position of the meteoric orbit. A similar 
connection has been established between the August meteors, 
known as the Perseids, and Comet III., 1862, so that the comet 
itself seems to be only a cluster of these meteors, the head 
being merely the denser part of the cluster. ^The August 
meteors often leave trails of luminous vapour lasting for several 
seconds, and, as they occur every year, we may infer that they 
are almost evenly distributed along their orbit. The Lyrids, 
or April meteors, are also known to move in the path of a 
comet. 

163. Radiant Point. — When the paths described by the 
different members of a shower of meteors are traced back- 
wards, they are found to intersect nearly in one point, which is 
called the radiant Near this point the meteors appear without 
a train, because from there they are coming directly towards us. 
At a distance from the radiant, they have courses of more or less 
length. The radiant keeps its position among the stars while 
the shower lasts, partaking, of course, in the diurnal rotation 
of the celestial sphere. This apparent radiation from a point 
is simply an effect of perspective, for the meteors are really 
moving in almost parallel straight lines, and the trains of light 
they leave are also straight lines. No doubt the meteors are at 
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times deflected somewhat, owing to the friction of the air on 
their various forms. The radiant point of the Perseids is in the 
constellation Perseus, that of the Leonids in the constellation 
Leo, that of the Andromedes or Bielids, in the constellation 
Andromeda, and that of the Lyrids is near a Lyras. 

164. Meteoric Swarms. 'Rings and Scattered Meteors.— 
Many of the small bodies that give rise to the meteoric pheno- 
mena of the heavens, are collected into swarms or groups, and 
travel in elliptic orbits round the sun. As we have already 
seen, in some cases the meteoric orbit is the same as that of a 
comet. Other meteors seem to be spread through the whole 
of their orbit so as to form a ring. Where the group of meteors 
is close together, we only get a display if the earth happens to 
be passing through that part of the orbit which is intersected 
by the orbit of the meteors, and when the flock of meteors is 
at this meeting-place at the same time. This happens with 
the Leonids and the Andromedes, the great star-showers from 
these groups occurring at intervals of and 13 years respec- 
tively. The Perseids seem to be more spread out all along the 
orbit, so that we have a smaller display from them every year, 
where the two orbits intersect. The last grand display of 
Leonids occurred on November 14, i860, when more than 
8,000 were counted at Greenwich in a single night. Moreover, 
there is a noticeable difference in the rate of movement during 
these star-showers, the Leonids moving swiftly as the earth 
meets them in its course, while the Andromedes move more 
slowly, as they simply overtake the earth. No doubt there 
are numerous other groups of meteors moving in elliptical or 
parabolic orbits, but not intersecting that of the earth, and 
therefore not rendered visible to us, as they are never ignited 
by being brought into friction with our atmosphere. But in 
addition to the well-known star-showers, there are other 
meteoric bodies which appear to be loosely scattered in space, 
or to proceed from orbits crossing the plane of the ecliptic in 
all possible directions, but not intersecting the earth’s path, 
and which are not known to be associated with others from a 
radiant. These occasionally rush into our atmosphere singly, 
giving rise to striking effects, and in some cases they are so large 
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that the friction of the atmosphere is not able to effect their com- 
plete vaporisation, and they fall to the earth with a loud noise. 
At any rate, these scattered or sporadic meteors, as they may 
be called, are not known to form part of any group, and do 
not belong to any special part of the heavens. During the 
gi^eat star-showers of which we have been speaking, it is 
remarkable that no sound is ever heard, and no masses ever 
reach the ground^ for these meteors first appear at an average 
elevation of about 75 miles, and, after passing in an oblique 
direction through 40 or 50 miles of the air, disappear at a 
height of about 50 miles. To this, there is only one exception 
known. On November 27, 1885, during the shower of 
Andromedes which occurred that evening, a piece of meteoric 
iron fell at Mazapil, in Mexico. But this difference between 
what comes to the earth during a star-shower, and what 
may be called sporadic meteors, does not necessarily indicate 
a difference of constitution. Most likely there is only a dif- 
ference of size or mass. It has been estimated that the 
weight of the majority of meteors in a star-shower does not 
exceed a grain. But from the occasional meteors that have 
appeared, masses of stone or iron have sometimes reached the 
earth weighing more than a ton. The bodies that fall from 
the air to our planet, under such circumstances that they can 
be gathered up for examination, are called meteorites. To the 
results that have been learnt by examining meteorites, we will 
turn after a paragraph on the numbers of meteors generally. 

165. Number of Meteors, — It is not unusual for a careful 
observer on a clear, moonless night to see eight or ten meteors in 
an hour, while Dr. Schmidt of Athens gives, as the result of his 
observations, the mean hourly number on such a night as 14. 
Such an observer does not, of course, take in the whole of his 
horizon at one time, and, making allowance for this, and for 
observers stationed over the whole earth. Professor Newton has 
calculated that 20,000,000 luminous meteors enter the atmo- 
sphere daily. Even this number of sporadic meteors would be 
increased many limes by taking into account those only visible 
in a telescope. On the occasion of the showers alluded to 
thousands have been seen by one observer in a single hour. 
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All these figures point to the fact that space is by no means a 
mere void, but that it is permeated with these small bodies to 
such an extent that it has been estimated that * in every portion 
of space equal to a cube whose edge is 210 miles, there is one 
meteoroid large enough to make a shooting star bright enough 
to be visible to the naked eye j ’ and that the average number 
in the space that the earth traverses is 30,000 in each volume 
equal to that of the earth. It is worthy of note that the 
number of luminous meteors seen in the six hours before mid- 
night is little more than half the number seen in the six hours 
after midnight. This is explained when we consider that at 
6 a.m. the observer's meridian is in the direction of the earth’s 
orbital motion, while at 6 p.m. it is in the opposite direction. 
In the morning, therefore, we are on the forward half of the 
earth, as regards its motion in its orbit, while in the evening we 
are on the hind half, and assuming a planetary velocity some- 
what exceeding that of the earth (a mean velocity of 26 miles 
a second has been estimated), it is plain that in the morning 
we see both the meteors that the earth meets and those that 
overtake it, but in the evening only those that overtake it. 
Remembering that meteors are always seen to shoot down and 
never upwards, and remembering their greater frequency after 
midnight and about the autumnal equinox in the northern 
hemisphere, as well as their enormous velocity, it becomes 
evident that these bodies cannot come from the earth, but must 
be of extra-terrestrial or cosmical origin. As to the number 
of meteors that reach the ground, only four or five are seen to 
fall on the average every year, but there must be a far larger 
number never seen and never found. One estimate places the 
number of these at 3,000 a year, the amount of matter thus 
added to the earth being calculated at 100 tons annually. 

166. Meteorites, — Though still called a meteor in its flight 
through the air, the pieces which fall and reach the earth are 
called meteorites. A good collection of these objects may be 
seen in the Natural History Department of the British Museum 
at South Kensington, and a most useful ‘ Introduction to the 
Study of Meteorites’ has been published by the Museum 
authorities. From this Introduction the reader may learn 
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some particulars about the fall of many of the chief meteorites. 
Reports of the fall of bodies through the air have reached us 
from very early times. In early ages these objects were re- 
garded with great superstition and some of them received 
ceremonial worship. One of the oldest was a stone which fell 
in Phrygia and was taken to Rome in 204 B.C., its possession 
being deemed necessary to the welfare of the State. The 
Diana of the Ephesians was doubtless a meteorite. These are 
now lost, and the oldest stone from heaven that is still pre- 
served is now suspended by a chain in the parish church of 
Ensisheim in Alsace. It fell there, accompanied by a loud 
and prolonged crash, on Nov. 16, 1492, and its weight before 
a part was broken off was 260 lbs. Passing over other records 
and coming to later times, we may mention the following falls : 
A fall of 3,000 stones over a region near L^Aigle in Normandy 
on April 26, 1803 ; a shower of 200 stones at Stannern in 
Bohemia in 1812 ^ one large stone in Thuringia, Sept 16, 1843 ; 
a large fall of stones in Hungary on June 9, 1866 ; a fragment 
of iron at Rowton, Shropshire, on April 20, 1876 ; a stone of 
3 lbs. 80Z. at Middlesborough, Yorkshire, on March 14, 1881. 

Observations made on the luminous path of meteors at two 
or more stations many miles apart, have often been made to 
furnish a parallax from which the height of the meteor and the 
direction and length of its path have been found. The general 
result makes the meteor-paths commence at a height of 80 to 
40 miles. 

We learn that when meteorites enter the atmosphere a 
ball of fire appears to cross the sky and leave a trail of light, 
visible, if it appears in the day-time, at a distance of many 
miles, and if it appears at night it is often bright enough to 
light up the whole district. The fiery ball disappears in a few 
seconds with or without bursting into pieces, but usually 
accompanied by loud explosions and a prolonged roar. These 
noises are due in part to the disruption of the meteorite in its 
fall, and in part to the sudden rush of air into the vacuum 
left behind the swiftly rushing mass. Sometimes a single 
stone reaches the ground, sometimes several, and on rare occa- 
sions hundreds. 
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167. Classification of Meteorites. — M. Daubree divides 
meteorites into four groups depending on their composition : 

1. Those consisting entirely of metallic iron, or of iron 
alloyed with a small percentage of nickel, no stony mineral 
matter being present — liolosiderites (Gr. holos^ whole, suleros^ 
iron). 

2. Those consisting of a nearly continuous mass of iron in 
which stony particles are disseminated — Syssiderites, 

3. Those consisting of a mass of stony materials through 
which grains of metallic iron are scattered — Sporadosiderites, 

4. Those consisting entirely of stony mineral matter, 
metallic iron being obsent^Asiderites. 

168, Physical Characters of Meteorites. — Their general 
character is that of irregular angular fragments, not unlike a 
piece of rock, or a piece of loose iron from a furnace. But 
the exterior and interior appearance are markedly different. 
The outside is covered entirely, or in part, with a very thin black 
crust, which may either be bright and glossy, or a dull black. 
This coating is the effect of fusion, and its thinness is due to 
the fact that the body coming from the cold of space conducts 
the heat, generated by the friction of the atmosphere, to the 
interior very slowly, whilst the air-molecules carry away the 
results of fusion almost as fast as the heat penetrates towards 
the interior. Some meteors also show results of fusion in 
fissures that interpenetrate their mass. The fused matter con- 
sists largely of oxide of iron and is strongly magnetic. This 
outer crust also often shows furrows and ridges, as well as pecu- 
liar depressions called * thumb-marks ’ (see fig. 127). These 
depressions or pittings have been attributed to the ‘ inequality of 
conductivity and fusibility of the matter at the surface,’ while the 
furrows and ridges arc possibly due to the scooping action of 
the backward rush of air. When broken or cut through most 
meteorites are seen to be formed by an aggregation of granules 
or chondroi (Gr. chondros^ a grain), causing them to exhibit a 
peculiar globular structure. The chondroi are sometimes firmly 
imbedded in a matrix, sometimes so loose that they fall out 
and leave a smooth spherical cavity (see fig. 128). They vary 
in size from a nut to a microscopic ball, and often form the 



200 


Advanced Physiography 



.19 centim&fxes.. 

Fig. 127— Pultusk (Poland) meteorite, showing thumb- 
marks or pittings. 


greater part of the stony meteorites. The minute chondroi 
are well seen in a thin section examined under the microscope. 

Reichenbachadds 
that each mag- 
netic chondros ‘ is 
an independent 
crystallised indi- 
vidual — it is a 
stranger in the 
meteorite. Every 
chondros was once 
a complete, inde- 
pendent, though 
minute meteorite. 
It is imbedded 
like a shell in lime- 
stone.’ 

169. Chemical 
composition, of 
Meteorites. — No 
new ekment has 
been discovered 
in meteorites, but 
about one-third 
of the seventy 
known elements 
have been recog- 
nised. The ele- 
ments most com- 
monly met with 
in these bodies 
are iron, nickel, 
magnesium, co- 
balt, copper, man- 
ganese, silicon, 
carbon, hydrogen, 
oxygen, sulphur, sodium, potassium, nitrogen* Hydrogen, 
nitrogen, and carbon are the only elements that occur in the 



,7’5 centimetres.. 

Fig. xa8. — Muddoor (India) meteoric stone, showing chon- 
dritic structure. 


Comets and Meteors 20 1 

free state, the carbon being found as graphite. The gases 
hydrogen and nitrogen, as well as some gaseous compounds of 
carbon (COg, CO, and 
CH4), exist occluded 
in the substance of 
the meteorites and 
come out when the 
atmospheric pressure 
is removed. Many 
other compounds 
found in the terrestrial 
rocks exist also in 
meteorites, but the 
most abundant mineral 
of the earth’s crust — 
quartz, SiOg — is en- 
tirely absent. The 
chief mineral com- 
pounds common to 

meteorites and terres- s centimetres 

.... , Fig. lao.— Linn County (Iowa, U.S. 

trial minerals are Otl- showing granules of iron dispersed 

aine (MgOFeO)jSi02, 
a silicate of iron and magnesium ; enstatite^ MgSiOg ; bronzitey 
a variety of enstatite containing iron ; au^te^ a silicate containing 
lime, magnesia, alumina, and the protoxides of iron and man- 
ganese; and magnetite^ re304. There are, however, several 
mineral compounds found 
in meteorites that are 
never found in the rocks 
of the earth. Among 
these are troiUtey a com- 
pound of iron and 
sulphur (FeS); oldbamtte, 
a compound of calcium 
and sulphur; schreiber- 



U.S.A.) meteorite, 
— in stone. The 
crust. 



..5*2 centimetres 

Fig. 130.— Meteoric iron (Seneca River, TJ.S.A.), 
showing Wldmanst^ten markings. 


sitCy iron and nickel phosphide with magnesium ; and daubrklitey 
a compound of iron, chromium, and sulphur. In the so-called 
‘iron ’ meteorites the chief substance is an alloy called nickeU 
irony and in its mode of occurrence it is special to these bodies. 
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170, Holosiderites.— Holosiderites, or simply siderites, usually consist 
of from 80 to 95 per cent, of iron, and from 5 to 10 per cent, of nickel. The 
nickel always forms an alloy with the iron, and its presence often gives the 
fractured surface of meteoric iron a bright, silver-like appearance. Man- 
ganese and cobalt are also found in the siderites, while schreibersite and 
troilite are frequent constituents. The gases hydrogen, nitrogen, marsh 
gases, and the oxides of carbon occur occluded in many iron meteorites, and 
come out when they are placed in a vacuum. When the bright polished sur- 
face of meteoric iron is acted upon by an acid, a portion of the surface is dis- 
solved, while other parts are left in relief, in lines lying along the two faces of 
a regular octahedron, These complicated but regular crystalline markings 
on the face ot a meteoric iron are known as * Widmanstatten figures.* (See 
fig. 130.) Only ten iron meteors have actually been seen to fall, the largest 
of these, weighing about 130 lbs., reaching the earth at Nejed in Arabia 
in 1863, and another, nearly 7 lbs., falling at Rowton in Shropshire in 
1876. But many other larger specimens of meteoric iron are in our 
museums, having been found under such circumstances that they cannot be 
accounted for except by regarding them as meteorites. Thus an iron mass, 
weighing 5 tons, found near Bahia in Brazil and now at Rio Janeiro, is an 
undoubted meteorite. In some cases, however, masses of iron alloyed 
with nickel have been supposed to be of meteoric origin when the rocks of 
the neighbourhood have been shown to contain nickeliferous iron. It is 
owing to this consideration that the large masses known as Ovifak iron, 
and brought from Western Greenland, are now generally considered to be 
of terrestrial origin. 

171. Syssiderites. — The second group calls for little special notice. 

The nickeliferous iron in these amounts to only about 12 per cent., but the 
iron is also found in combination with the minerals magnetic pyrites, 
chrome-iron, and olivine. Hornblende, which is closely allied to aucite 
also occurs. ** 

172. Sporadosiderites. — This is the commonest variety of meteorite (in 
the proportion of 10 to i), and they are often spoken ofsimply as aerolites, 
or air-stones. These stony meteorites, when examined in thin sections under 
the microscope, are seen to be almost entirely crystalline in structure, and 
inmost cases they show the peculiar chondritic structure already alluded to. 
The chondroi, or grains, are of various sizes, and are imbedded in a paste or 
matnx of the same mineral ingredients. It is believed by Sorby that the 
small spherules of which the chondroi consist have fallen as drops of fiery 
ram, while the internal crystalline structure of the chondroi differs from 
anything found in terrestrial rocks. Many stony meteorites not only 
present a fragmentary appearance as a whole, but the internal structure 
IS fragmentary, like a piece of brecciated rock. The largest aerolite, or 
stony meteor, known to fall, came down in i866. It weighs 647 llis. , and 
is preserved in the Vienna Museum, The chief minerals found in the stony 
meteontes are ohviiie, enstatite (MgSiOa), l>ronzite (enstatite with a littli 
iron), chromite, augite, and anorthrite. 

meteorites contains no metallic iron, 
though It may exist m combination. Many of its members contain carbo- 

p combination with hydrogen and 
sSfble carbon, as graphite, is found in some iron meteors.) 

m^esium, sodium, and potassium also occur, whilst 
occ^ioually found m microscopic crystals. The presence of 
compoundsof carbon, such as result from vegetable decomposition, iscurious, 
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but no trace of life or of any organism has ever been seen. A remarkable 
carbonaceous meteorite fell at Mighei in Russia, on June 9, 1889. 

174. Meteorites compared with Terrestrial Rocks.— Professor Judd 
points out in his work on volcanoes the remarkable fact that the mineral con- 
stituents of many meteorites are such as are found in the more basic volcanic 
rocks, like basalt and gabbro (*E1. Phys.’ par. 142). In these basic rocks 
quartz and the acid felspars are entirely absent, so that the percentage of 
silica is small. Such ultra-basic rocks are the products of deep-seated 
lava, have a specific gravity of a little over 3, which is also the averse for 
the stony meteorites, and are almost entirely composed of the minerals most 
abundant in meteorites; viz., olivine, enstatite, augite, magnetite, and 
chromite. ‘We thus see that materials identical in composition and 
character with the stony meteorites, exist within the earth’s interior, and 
are thrown out on its surface by volcanic action.’ — Judd. But we must 
bear in mind that there are mineral compounds peculiar to meteorites, as 
well as peculiarities of crystalline and chondritic structure, not found in 
terrestrial minerals. The idea, therefore, that meteorites are the product 
of terrestrial or lunar volcanoes can hardly be entertained. It is more 
probable that they are of cometic origin ; for we know that comets — 
possibly patches of meteoric nebulae drawn into the solar system — do 
break up, and that the meteorites of which they consist have been subject 
to the action of heat and other violent forces at successive perihelion 
passages. Hasty crystallisation of vapours in the cold of space, and subse- 
(juent heating, clashing, and cementing of particles, may account for many 
of the observed peculiarities m the mineral structure of meteorites. Other 
authorities believe that meteoritesare fragments of asteroids driven into orbits 
which occasionally bring them within the range of the earth’s attraction. 

175 ; Spectrum analysis applied to meteorites,— When a portion of 
meteoric dust or filings is gently heated in a vacuum-tube through which 
an electric current is made to pass, the spectroscope always renders the 
hydrogen spectrum visible first. As the temperature is increased, the 
sijectrum of carbon, or one of its compounds, begins to appear ; at a still 
higher temperature the magnesium spectrum is seen. This last element 
is a constituent of the mineral olivine, the chief substance of the stony 
nicteoritcs. Magnesium Is also found as a constituent of the iron meteors 
in schrcil>ersite, a non-terrestrial mineral formed mainly of the phosphides 
of iron and nickel. At the temperature of the oxy-hydrogen flame the 
spectra of manganese and then iron come out. By employing the tem- 
perature of the electric arc, and using the meteorites themselves as the 
poles, the complete spectra of both iron and stony meteorites have been 
photographed. As before remarked, a mixture of meteorites in the electric 
arc gives a spectrum of bright lines matching many of the dark lines of the 
solar spectrum. It may be observed that the substance which becomes a 
vapour at the lowest temperature is the one whose spectrum first appears in 
these experiments in whatever proportion it exists in the meteor that is being 
examined, the order of appearance of the various spectra depending upon the 
relative volatility of the various substances and not upon relative quantity. 

176. Cosmic Bust, — It is an interesting inquiry to seek to know what 
becomes of the products of combustion of those meteors that are consumed 
in passing through the air. As their combustion is merely a chemical 
combination with the oxygen of the air, the products of this combustion 
must exist somewhere as ^ or fine dust. The word cosmic (Gr« kosnm^ 
universe) is used in contrast to the word terrestrial or telluric (Lat. ierru, 
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and tellus^ the earth). Hence when we speak of something having a 
cosmic origin, we imply that it has come from some other source than oui 
planet. Now the tiny meteors that produce such striking luminous 
effects are certainly visitors from space and foreign to the earth, so that 
the meteoric dust that results from their combustion is of cosmic origin. 
The spectroscopic examination of shooting stars and fireballs has given 
distinct evidence of magnesium and iron, the two chief elements found in 
stony and iron meteorites. The sodium line has also been seen. Othei 
considerations point to the conclusion that has already been referred to, 
viz., that luminous meteors and meteorites are of similar chemical 
constitution. We can therefore see that the products of the incandescent 
particles of iron, nickel, the various silicates of magnesium, &c., will con- 
sist largely of other solid particles, among which magnetic oxide of iron 
will be prominent ; for, on burning a strip of iron in a jar of oxygen, the 
fused metal falls in spherical drops surrounded by a coating of the black 
oxide. Most of this meteoric dust will be very fine, and will therefore 
remain suspended in the higher parts of the air, where the smaller meteors 
are mainly consumed, but part of it will fall on the surface of the globe. 
The dust that remains in the air is believed to manifest its presence in the 
spectrum of "Csx^ aurora, a phenomenon described in * El. Phys.’ par. 289. 
Now it is evident that some of this cosmic dust will fall to the earth. But 
it is extremely difficult to be sure that any found is of meteoric origin. It 
is useless to look for it in inhabited countries where iron foundries exist, 
or in the neighbourhood of volcanoes. The Swedish naturalist Nordens- 
kiold, on melting several tons of arctic snow, and filtering the water, found 
minute globules of oxide of iron, which he believed to be of cosmic origin. 
From the deeper oceanic deposits of the Atlantic and Pacific minute black 
spherules of native iron, with a black shining coat of magnetic iron, as 
well as others consisting of an alloy of iron with nickel and cobalt, have 
been extracted. Small grains (chondroi), somewhat larger than the two 
kinds of spherules above described, are also drawn by a magnet from the 
red clay of the dpp sea. These are not quite round, and consist of bron- 
zite and such silicate granules as do not occur in terrestrial rocks. Both 
the spherules and the chondroi are believed to be derived from meteoric 
dust. This may be so ; but, in view of what has been learnt, from the vol- 
canic explosion at Krakatoa (‘El. Phys,’ 160), about the enormous dis- 
tance to which volcanic dust may be carried by winds, a terrestrial origin 
for some of these particles is not altogether out of question. 


CHAPTER X. 

THE MOT/OHS OE THE EARTH— CHANGES 
IN THE ORBIT 

177. In the concluding chap'^er of our ‘ Elementary Physio- 
graphy ’ we have given an account of the daily rotation of the 
earth on its axis and of its annual revolution round the sun. 
We have there established the following truths 

‘ See note p. 376. on Marine Deposits. ‘ 
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Rotation causes the risings and settings and daily^-apparent 
motions of the sun and stars, and thus causes day arisj^nj^ht. ^^.4’ 

Revolution causes the sun to appear to move e^stward^ 
amongst the stars, and thus stars rise earlier on successive nights. 

Revolution and the inclination of the planes of the equator 
and ecliptic cause the difference in length of the days and 
nights, the difference in height of the midday sun, and thus 
cause the succession of the seasons. 

Rotation gives us the length of the day ; revolution the 
length of the year. 

The earth^s movement of rotation is known to be uniform, 
and the interval in which it is performed may be regarded as 
invariable. The time of such rotation can be ascertained by 
noting when a particular fixed star is exactly south — that is, 
when it culminates on the meridian of the place of observation, 
and then noting when the same star again reappears on the 
meridian. The time between the two meridian passages of 
the same star is always of the same length, and is frequently 
called a sidereal day. A meridian of the earth has in this time 
turned through exactly 360®. It might, therefore, be thought 
that the length of the interval in which the earth makes a com- 
plete revolution on its axis would be the best unit of time, as it 
is the most simple. 

But the passage of a star across the meridian is not a sufficiently con- 
spicuous event for the ordinary purposes of life. These are regulated by 
the sun, and hence the ordinary day is measured by the interval between 
two meridian passages of the centre of the sun. Now this interval is nearly 
four minutes longer— more exactly, 3 m. 56 s.— than the time of the earth’s 
rotation, or the sidereal day. The greater length of the solar day is owing 
to the fact that when the earth has made a complete turn, so as to bring the 
meridian of a place to the same distant fixed star that was on the meridian 
at noon on the previous day, the sun has apparently moved eastward among 
the fixed stars nearly one degree. The earth, therefore, takes about fout 
minutes more to move on through this degree, so as to bring the sun again 
on the meridian of the place of observation. Fig. 131 illustrates this 
clearly. Ej and represent two positions of the earth in its orbit at an 
interval of a sidereal <lay. Let M represent the position of the sun, and let 
i» A be the meridian of a place. At Ej suppose the sun and a distant fixed 
star are on the meridian at the same time ; then at e^, when the distant 
fixed star is again on the meridian at a, the meridian having turned 
through 360®, we see the sun has not come up to the meridian, and the 
earth must continue to turn till it moves through the further arc a b. If 
this eastward motion of the sun among the fixed stars were uniform, the 
length of the solar day would be as simple and as easily found as the length 
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of the sidereal day. But it is not uniform, and hence solar days are unequal 
and fluctuating, being greatest when the sun is nearest the earth and least 
when most distant. The apparent time, as shown by the true sun, is indi- 
cated by a sun-dial ; but it would be impossible to construct a clock to keep 
apparent solar-time, as its rate would have to change from day to day in a 
complicated way. To avoid the inconvenience arising from this inequality 

in the length of the solar day, we have 

^ \ I recourse to a mean or average solar day. 

1 \ j The vaiious kinds of day are thus set 

I \ s forth in the explanations at the end of 

j \ j the ‘Nautical Almanac.' 

I I ‘A daj/ is the inter\ml of time be- 

J [ tween the departure of any meridian 

[ 'v ' from a heavenly body and its succeed - 

I 1 ing return to it, and derives its name 

1 [ from the body with which the motion 

[ \ • / of the meridian is compared. The in- 

j \ 1 / terval between the departure and return 

I of ^ meridian to the sun is called a s^/a?* 

moon, the in- 

) terval is called a /tmar day ; and in 

^ Star a sidereal day. The revo- 
T p i ^"^2 lution of the earth on its axis is always 

y performed in the same time ; and if the 

fci* heavenly bodies preserved the same 

Fig. 131. positions with respect to each other, the 

intervals between the departure and re- 
turn of a meridian to each would be the same, and all days, consequently, 
of equal length. The sun (or, more strictly, the earth in its orbit), the 
moon, and the planets are, however, in continual motion, and with veloci- 
ties not only different from each other, but varying in each particular body ; 
the length of a day, as determined by any of these bodies is therefore a 
variable quantity. 

‘Astronomers, with a view of obtaining a convenient and uniform 
measure of time, have recourse to a mea^t solar day, the lenj^th of which is 
equal to the mean or averz^e of all the apparent solar days m a year. An 
imaginary sun, called the mean sun, is conceived to move uniformly in 
the equator with the real sun’s mean motion in right ascension, and 
the interval between the departure of any meridian from the mean-mix and 
its succeeding return to it, is the duration of the mean solar day* Clocks 
and chronometers are adjusted to mean solar time ; so that a complete re- 
volution (through twenty-four hours) of the hour-hand of one of these 
machines should be performed in exactly the same interval as the revolution 
of the earth on its axis with respect to the mean sun. If the mean sun 
could be observed on the meridian at the instant that the clock indicated 
oh. om. os., it would again be obsemd there when the hour-hand 
returned to the same position. As the time deduced from observation 0/ 
the true sun is called tmie or apparent time, so the time deduced from the 
mean sun, or indicated by the machines which represent its motion, is de- 
nominated mean time. 

< Mean time cannot be ofctained from observation ; but it may be readily 
deduced from an observation of the true sun, with the aid of the equation 
of time, which is the angular distance in time between the mean and the 
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true sun. Suppose the true sun to be observed on the meridian of Green- 
wich, January i, 1890 ; it would then be apparent noon at that meri- 
dian ; the equation of time at this instant is 3 m. 53*88 s., and, by the 
precept at the head of the column, it is to be added to apparent time ” ; 
hence, it appears that the corresponding mean time is Jan. i, oh. 3 m. 
53*88 s., or that the mean sun had passed the meridian previously to the 
true sun, and that at the instant of observation the mean-time clock ought 
to indicate this time.* 

178. Equation of Time. — ^We shall now explain this term 
in more detail. The equation of time is the amount by which 
the sun is fast or slow, as shown by a clock ; that is, it is the 
length of time to be added (algebraically) to the true solar 
time, so as to get the mean solar time. True solar time is 
given by the sun-dial, mean solar time by a clock, so that 

Dial Time -f- Equation of Time = Clock Time. 

Sometimes the dial indicates noon after the clock does \ then 
the equation of time is positive. At other times the dial indicates 
noon before the clock, and then the equation of time is negative. 

The Equation of Time is therefore the difference between 
apparent or sun-dial time and mean time as shown by the 
clock, and serves for the conversion of either time into the 
other. In the ‘Nautical Almanac’ we find the equation of 
time to be added to, or subtracted from (according to the 
direction given), Greenwich apparent noon to obtain the corre- 
sponding mean time for every day in the year. Apparent time 
is usually obtained by observations of the meridian passage of 
the true sun. 

The mean sun, which is to give us our mean time, is to 
move uniformly along the equator, whilst the true sun, which 
gives us true solar time, is moving at an unequal pace along the 
ecliptic. So the equation of time will be made up of two parts. 

(1) One due to the unequal motion of the sun in the ecliptic produced 
by the real unequal motion of the earth in its orbit, which moves faster 
when nearer to tne sun, the daily motion ranging from 6t’ to 57^ 

(2) Another due to the inclination of the ecliptic to the equator, which 
causes the sun’s motion in the ecliptic to be more oblique to the equator at 
the equinoxes than at other times. 

These two parts of the equation can be considered separately, though it 
is their conjoint effect which determines the value of the equation. So far 
as the unequal motion in the ecliptic is concerned, this part of the equation 
will be zero at perihelion and aphelion, the two extremes of the path at 
which the true and mean sun would coincide if their orbits were in the same 
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plane. This first part of the equation is positive from perihelion at January i 
to aphelion on July i ; and negative from July i to January being eqaal 
to zero on these two dates. The maximum values are midway helwef'U ihe;^ 
two dates, i.e., about April i and October 3, and then reach f S inimucs 
and — 8 minutes. 

As far as the obliquity is concerned, the eficcts are different. The crit icuri 
dates are the two equinoxes and the two solstice;. At all four af r the 
second part of the equation is zero, and it changes Its four riu«» ,» in 
the year. From solstice to equinox it is -f , and irom equinox to ^ol.ricc it 
is negative. 

Therefore from December 22 to March 2 1 it Is -t 
from March 21 to June 22 it is — 
from June 22 to September 23 it h 4* 
from September 23 to Decetnl.or 22 it i i 



And on these four dates it k aero. The maximum 
between these dates, and amount to nearly ro ndniitcjt, plw'^ m 
according to the time of the year. 

Of course the two parts of the equation work ti^efher* If t«uh at#? 
plus, or both minus, the whole effect is the sum of the two. If »»ijv h 
plus and the other minus, the whole effect is the difirmter, whh;h will 
plus or minus according as the plus or minus part k ttic pmder. 

This is tet rwresented graphically in the figure. 

The horizontal lines are scales of dates for a wlude year, as hy 

the dates of the month. The distance of the curved litm 
the horizontal for any particular day, represems the amount uisd « 4 1 W 

date as given liy the vertical scale of minute* at lir 


li a m um jvm< i no line uoi> in tlW »«.«, ?wll nf 

file figare, Mpresent* th« tnw eqimtlMi of time, which 1. the «»#wlibi*4 «%et 
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Chawj^es in the Oi’hii 

of thw‘ other t\vo. It is »< !^y taking each dale, aiwl adding suU’ 

tuicting, as the case may h<;, the vertical di:.tances ttf the points on n B p H 
and cccc corre-porjding to each date. Fig. 132 show** that the cjpKition 
of time is zero on lour flays in each year, ^U. on April 15, Jimc 14, Septem^ 
her I, and Dccemhf'r 2p 

The maximum vahu's occar at the hands of the curve, and are 
+ 14 min% 33 M‘ca. on February 11 ; 

- 3 mins. 5 secs, on May 14 ; 

4 h mins tz .secs, on July 26 ; 

-- 16 min.n 18 .seem on Kovemher 2. 

Thf‘ Willies for other flutes maybe obtained approximately from the 
figure, but arc given with accurwey in the tables of the * Nautical Alm;»twed 

179, Seetilar Changes in the Orbit of the Earths -The 
earth's orbit in not absohitidy um'hangeable in form and posi- 
tion. 'This could only be the tstse if the earth were the only 
planet r<!volving rontnl the laui. 'I’ho gravitational atiraetion'i 
of the other planets, also revolving round the sun, ean.se certain 
small changes in this orbit ; ami as the round of these ehanges 
is spread over very lonjj; periods, siuth changes are called 
ehanges (Lat, s,renlnm^ an age or generation). These senthtt 
changes arc three in number. 

I« #^ 4 W;y ift thf c/ the erhii^ cr g. in th^ a/ 

(hf i‘h»’ angle; fuf iiudinathm Udwcim the ecliptic ami ihcrrpmtor 

knriwft Its the ef the It h f*ij:U4l to the mudfi 

dccliujition f*r fr^mi the eqfiater. Thb gn?alc'»it drdina* 

tioa in rcAf'hf^d in June iiml l>t:rcmhcr, at tw»» pfdntn midway ImIwcvii th*t 
cfpdimxn.i. HiOiC tw»» pfuntn arc known nn the setitner, WrumAj the M*n 
appriui to simhii^ atop it:; motion of derlinathm for a short limc% and the 
two ciieb'x tlinmgh thr .c ptdnti arc cAlkd the Iwcan^t? the sma there 

t»waffb4 tlm ffpiatof mydn. At prcmut tint plane of the cfcliplin h 
Inrhnttfl to the plmr of the erpiator at art angle of But thH 

angle ift by about 24* rhiin it was 2,*X)o years ago, and it still fhs:rca^iog. 
Its Icnxt value will l»c aUmt »a} when it will again increase. The tolal 
change it only abmt t* on each tide of the mean value. 

2. A fhm,ite m the eA mtm itjt the arhiA * The cceentrkity h the tlit* 
tance from the centre of ihe mint to the focttsdlvided by the sumbmajin' a*iss 
ThkfatiOt now aWaif *m6S, h tlowly dimiriiddng, mirl will in akmt 
wm rraeha valneof wj. After this time theweentrieity wilta^in inerffase. 

A'em/nfim &f the iim 4/ &/ ike mHwt line 

|olnmg ^rihelion and aphrlimt k nUmly and niemlily moving enatwar*! at 
a mi« m owly n*' annually. This will carry It completely nanvl in atiemt 
fmm* Kinee the vernal etjulnoa friwn whkh lofigitnde h rackimed 
k n^nn in m nppmiite diri^tkin at a rate of aliout p** I h« h«^ 

nerihelhmmniteftanfi^at a yaarlymiaofahotttlhi^'. Ilenctlkaiih 
Ihff Una ^ apfhlas eomplatxot a ravoltieimi In iol|^ yaar^i it wm 
at|nte tn the samtantflima, m thmgh a nyda ^ tfeikwnk* In 
ahM ai>i>a«lyainb CNiilMi«limatkafacnfln*aiijbham*s^ 

t haa noiaf 1^*. 1 * 
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The periods of all these secular changes are some thousands of yeM 
There are two constants in connection with the earth’s orbit which are 
unaffected by perturbations. These are the length of the major axis and 
the length of tne year. It is of interest to note that Lagrange and Laplace 
have proved that the mutual perturbations of the planets can never destroy 
the solar system. 

i8o. Precession of the Equinoxes.— Besides the above 
perturbation of the earth's orbit, there are changes in the direc- 
tion of the earth's axis^ which are referred to under t!ic names 
of precession and nutafionP Precession was first discovered by 
Hipparchus, 120 b.c., on observing the difference in the length 
of the year as measured by two methods : (i ) from one equinox 
to the same equinox next year, or from solstice to the same 
solstice next year by the shadow of a stick or gnomon ; (a) by 
observing the position of the sun with reference to the fixed 
stars, and measuring the year from one position back to the 
same position. The first measurement gives us the length of 
the equinoctial or tropical year, and the second measurement the 
length of the sidereal year. The former interval givea a length 
20 m. 23 s. less than the latter interval. The difference is due 
to a gradual shifting of the plane of the equator, which causes 
the points of intersection of the equator and the ecliptic to 
move backward so as to meet the sun sooner in its eastward 
motion along the ecliptic. Hence each succeeding vernal 
equinox will happen a little earlier than it otherwise would, 
and this advance of the equinoxes is called their precession 
(in time) because it makes them precede their sidiutal time. 
That the first point of Aries does move backwards is proved 
by the fact that the longitudes of the stars as measured from 
this point, show an increase at the mean rate of 5o^'*8 per 
annum, whfie their latitudes are very nearly con^ant Thi% 
^ain, leads to the inference that the plane of the equator has 
a retrograde motion along the edipti^ wbfle the plane ol tbt 
ecliptic is very nearly a fixed plane. But if the equator inovi% 
its poles must mov% an4 ha fret, the pole of liii eqnator 
ik^ly swings ix^imd the In 0 «fainioid% 

wyclii WMMgKded, to detcartKiif ttoi wwqbi, 
fSHV* ^ Witte diiectiowenl « etinni il* 

to toi^;49i(i not^ 
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fixed position, but suffers a slight change of direction during 
each yearly revolution. 

The motion of the celestial pole round the pole of the ecliptic, and the 
consequent shifting of the equinoctial points, is illustrated in fo. 13 %. Let 
A B c D denote the plane of the ecliptic and B that of the celestial «uator. 
Then K is the pole of the wliptic and p the pole of the equator In the 
position E A E. ^ As the plane of the equator glides backwards to the 

oftl 


Jiptic is im- 



successive pos lions E' a' B'. e" a" e", the pole ofthe equator moves to the 
pisition P' and p' respectively, the obliquity of the ecliptic beiiig unaltered. 
NcglKting a small planetary perturbation, the plane of the ^ip 
movable, and there is a constant dis- 
tance between the two poles of 33I®, 
the same as the angle between tne 
planes of the equator and the ecliptic. 

This revolution of the pole of the 
equator round the pole of the ecliptic 
causes the backward motion of the 
equinoctial points* illustrated in the 
figure by the positions a, a', a^' of the 
6 rtt point of Aries. It is, in fact, the 
some thing os the precessba of the 
equinoxes 1 for if we suppose the earth 
moving from A along the plane of the 
ecliptic, it is plain that it will retch 
the point a' to which AHes has moved 
in conieauence of the thiAing of the fio. iij. 

equatorial plane, before it mu com- 

# pleted a sidereal revolution* The effect of precession on the position d’a 
•tor is also illustrated In the Agure* Let # be the position of a sttr^aiKl 
the perpendicular ore drawn to the fixed plane the eelbUc. Then 
the anguUur distance of ^ from the first point of Ariea it the itmgitade of 
the star. This it measured by the arc A Mn the firet position of Ailee, 
by the ore a'# next year, and to on. It is thus evident that the Inaeoee 
in the kmgitudi of stiun it due to j^esdofL The lodtnde ee meostired 
by the ore is not ^tered* As the time of equinox advances per 
year, owing to the backward modon ei the first p^t of Arlee, m petiod 
piecemion, or the time required Ibr a coiaplete revotution of this pohst, 
wifi be nearly «e, $00 yews (Ifio® divided by 

Ifwwrifbr the pomtioBofdiietmretoueiqaator oa the firndomentil 
plene, tl w 0 l be dmur that the ri^jjiht eecafudos^ ^ ff tfi rt f f fli 

euffiep feriatloEie Uoka preoeiiioBi 

Aftfdw eflbet d preewiion le the gnduol dbiftliqt d tSie 4 
wkh iwqpid 10 the eqtdnoetlil pelms. About lio i»e.» the i 
Ailei im hi the whoee It bears, bat Mfiny t l 

lsmdilli|ad neeily 3d ipd linow In 1 

iii'llhi heuiii diwiftt iffBiteis diiiiii^^ ’ 
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the circle having its turn in the course of 25,800 years. At present oui 
pole star is about from the true pole. When the true pole has 
approached within 30' of Polaris, it will then recede, and at the end of 
12,000 years the pole will be near the bright star Vega (a Lyrse), which at 
present is nearly 46® from the pole. 

1 81. Physical Cause of Precession. — If the earth were a 
homogeneous sphere, there would be no precession. The 
cause of precession is the attraction of the sun and moon on 
the equatorial portions of the earth which bulge out above the 
true sphere, tending to pull the plane of the equator into the 
plane of the ecliptic by attracting more strongly those portions 
of that bulging part which are nearest to them. The combined 
effect of this tendency to draw the axis of the earth into per- 
pendicularity with the plane of the ecliptic, and of a spinning 
round this axis, is to make the end of the earth^s axis turn in 
a circle round the axis of the ecliptic. It is like the case of 
a spinning-top : its weight tends to pull the axis over to a hori- 
zontal position \ this tendency, combined with the spinning, 
causes the axis to describe the surface of a cone round the 
vertical line. Precession in the case of the earth is slow, 
because of the enormous energy of its spin, and the compara- 
tively feeble force which acts on the small mass which bulges 
out above the rest of the earth. The effect thus produced by 
the action of the sun is known as solar precession^ that produced 
by the moon lunar precession^ and the combined effects of these 
two bodies is called the luni-solar precession. As the preces- 
sional effect of the sun and moon is due to the Mfferefm of 
kttra^ion on the near and far parts of the earth^s equatorial 
protuberance, the moon’s share of the total effect is greater than 
that of the sun, its much closer proximity more than cotmtec- 
balancing the sun’s much greater mass. The moon’$ action 


in causing precession as in producing the tides> in feet* 
about two and a half times that of the sun, though the 


attraction on the earth ^ a whole is nearly aoo tib^ ,'Of' 

the moon. The prece^onal effect eff the $un*s fe 

i^^test at the so&jtlc^' ; the winter 

equatorial is' above iim ' 

below it 4 
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part of the precession also varies according to the position of * 
the moon in its orbit. The amount of precession previously 
given, 5o"-2, is the average or mean precession in a year. 

182. Nntatfion. — The pole of the equator does not trace out a circle 
exactly, but a wavy curve, partly within and partly outside the circle. 
The axis does not steadily sweep round, but in its circuit * nods ^ in and 
out a little ; hence the name nutation {Lat. nuto, to nod). The curve then 
traced out by the pole is as in the figure, except that there should be 1,400 
indentations in the circumference, which is traversed in 25,800 years. The 
causes of nutation are the same as those of precession ; or rather nutation 
is an irregularity in those forces which produce 
precession. When the precessional forces in- 
crease, they cause the earth’s axis to ‘ nod ’ ^ 

within the circle and when they decrease it f ^ 

* nods ’ to the outside of the circle. There a \ 

are two kinds of nutation : (i) Lunar nuta- (f J 

tmii which dejjends on the position of the ) ZT v 

moon’s nodes ; its extent is about 9" *2, and V y 

its period is nearly 19 years, the same period \ f 

as that of the revolution of the moon’s nodes. ^ 

(2) which depends on the posi- 

tion of the sun in the ecliptic; its period is 

therefore l year, and its extent is only i"-2. Fig. 134, 

so that the solar nutation is much smaller than 

the lunar nutation, and in the %ure would be represented by small 

* ripples * on the * waves * which represent lunar nutation, 19 * ripples’ to 
each * wave.’ 


183. Different kinds of Tear.— i. The Sidereal Year is the 
one representing the true orbital revolution of the earth, ;It 
is the time the sun appean to take to travel round from dig© 
fixed star back again to the same star. Its length is 365 tfeys 
6 hrs. 9 ms. 9 secs. 


a, TKe TrgpicalorMqmnocMai Year . — ^For ordinary calen 4 pr ■ 
purposes this year is chc^ because the seasons de^p^d oa^ < 
position wfihi repaid to the equine Itis^ 
ro^ &tssa rme equinox bad: to 
Since ffiA etfuinosiiii advance to meet 
tv so minj^ d»s the tme or 
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of apsides retreats ii"’25 annually, the relations between these 
three different kinds of year can be put in the form : 

sidereal year : tropical year : anomalistic year 
= 360® : 360®— 5o''-2 : 360® + 

The civil year now begins on January i and consists of an integral 
number of days, which must, however, retain a close connection with the 
tropical year. This can be effected by having civil years of two ditlerent 
lengths, the one less and the other greater than the tropical year, a common 
year of 365 days and a leap year of 366 days, the order of successirm of 
these two years being regulated by the rule laid down by Pope (Iregory in 
1582. This rule may be thus expressed : All years whose date-number is 
divisible by 4 without a remainder are leap-years, unless the year termi- 
nates a century. Only those years terminating a century are Ieap-year.4 in 
which the hundreds are divisible by 4 without a remainder, 1 nus 1 ,600 
and 2,000 are leap-years, but 1700, 1800, 1900 are not leap-years. By 
this rule the seasons, as determined by the position of the sun, will be 
kept to their proper months, and the dates at which they commence will 
be the same for a long period. ‘ In 400 years, as determined by the 
Gregorian rule, there will be 97 leap-years instead of xoo, and the 
average length of the civil year will be 365^*},’^-, days, or 365*2425 dayi. 
The tropical year contains 365-242216 days, so the Gregorian ride make^ 
the average civil year too long by 0*000284 days, producing an error of I 
day in about 4,000 years.’ 


CHAPTER XL 

MEASURMMENT OF THE SURFACE, SIZE, AND SHAPE 
OF THE EARTH^MASS OF THE EARTH^DETER^ 
MINATION OF LATITUDE AND LONGITUDE. 

184. The object of geodetical surveys, or geodesy, is the 
measurement of the Earth's surface, size, and shape* Hie 
standard of measurement in England is the yard, or its multiple 
the mae, or submultiple the foot and incL The first essential 
step is the accurate measurement of a base-line. As all future 
calculations depend on this preliminary length, its accuracy 
must be the greatest possible. But here is a difficulty at once. 
Some measuring-rod jrSISt be chosen, and whatever its sub- 
stance, heat will make it expand and cold contract, so that its 
length is always varying as the temperature changes. This wifi 
make it unsuitable for accurately measuring a distance which i« 
many times its own length. This difficulty must be got rid of 
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in some manner. One suggested method was to compare the 
metal bars that were used with some standard bar at known 
temperatures, and make allowance for the changes due to dif- 
ferent temperatures. A better method was invented by Colby 
for constructing a compensating apparatus which should give 
an invariable length. 

This consists of two parallel bars of iron and brass, 10 feet 
long (fig. 135), firmly connected at their middle by two transverse 
cylinders. At both ends there is a metal tongue pivoted to 
both bars about the points a! firmly attached though 
allowing the bars to expand freely. A silver pin let into each 
tongue carries a small dot^, ox d \ and it is the distance cd 
which serves for the required invariable standard of measure- 
ment. This freedom from variation is secured by making the 
ratios ac\.o h c and ad to b d the same ratio as the expansion 
of the brass rod a a' to the iron rod b b'. Then when a by ex- 



Fig. 135.— Colby's Compensating Apparatus. 


pansion moves off to the left, b does not move so far, and the 
tongue abc gets tilted, leaving c in exactly its original position, 
and similarly for d. The same holds for contraction when a 
moves further to the right than b^ but leaves c in its true posi- 
tion. The distance cd thus remains constant. To ensure the 
correct working of this compensation apparatus it was neces- 
sary to make the bars absorb and radiate heat at equal rates. 
This was effected by varnishing their surfaces until experxrhent 
showed they had the same rate of heating and cooling. The 
method of working with the bars will be indicated beloyr tinder 
measurement of base-line. 

■ 

185. Chotmd %t Bass. — THs mast be feirly leveli and if necsessary 
further kvelltd, ffee from obstacles, its two extremities mutually visible, 
and two or more distant stations for extension of survey must be visible 
frbtn both extremities* The British base-lines diosen were one on the 
show of Ix>Mh Foyle ih Ireland, of length 43^,614 feet, and another on 
Salisbury Blafi of length Oth<^ aocutely-mcaSured base* 
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lines hsve been used in different countries : oncj in Kust Prussia, of a little 
more than a mile ; one, in France, about 1 1 *8 miles ; and ten in India, vary- 
ing from I *7 to 7 *8 miles. 

1 86. Measurement of Base.— This is accomplished by the use of two 
or more of the compensating bars. 

The extremities of the line are definitely marked by a fine mark on a 
massive block of stone firmly set in brickwork. This mark is a^ micro- 
scopic cross drawn on the surface of a piece of brass cemented ^ into the 
stone, or else a dot on the end of a platinum wire set vertically in a lead 
block let into the stone. The process of measurement consists roughly of 
laying one rod down, in a line pointing between the two extremities of the 
base, then laying at the end of the first a second rod in the same line, then 
a third, six bars being sometimes used. The first is then taken up and 
applied to the end of the last, just as one may measure with foot-rules. 
But here extraordinary precautions to ensure accuracy must be taken. To 
begin with, the rods must not touch, for fear of disturbing one another. 
They are left about six inches apart, and the distance between their ex- 
tremities (the microscopic dots on the tongues) is measured by means of 



microscopes which are mounted on the same principle of compensation. 
They are to be laid perfectly horizontal by spirit-levels, and placed exactly 
in the straight line joining the extremities of the base by a directing tele- 
scope. Possibly owing to the inequality of the ground, the ^ne bar^ may 
have to be higher than the other, but both must be horizontal, and it is the 
horizontal distance between their extremities, and consequently between 
the extremities of the base, that is to be measured. Further the bars are 
kept under cover of a tent, to be sheltered from the sun*s rays as far as 
possible. Having accurately accomplished the measurement of the base- 
line, it serves the purpose its name indicates, viz. a base, or starting-place, 
for measuring or calculating other distances. 

TriangulcUim is the name applied to the process of calculating these 
distances by measuring the angles of triangles. Figure 136 will explain 
this. A B is the measured bfl^-line, oand c two stations visible from its 
extremiti^, D e, &e., other stations observable from one another, and the 
lines joining which cover up the country with a network of triangles. The 
stations are conspicuous objects, such as cairns, mountam-tops, &c. The 
angles of the triangle A c B are measured by the thecdoHte^ knowing the 
angles and one side A B, we can, luf trigonometry, calculate the other two 
C A, c B. These then in their turn will serve as new base-lines for measuriag 
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other distances by the observations of the angles of further triangles ; 
for example, having found A c and B c we measure the angles and calculate 
A G and c G, and then H G, &c. Proceeding in this way many distances may 
be calculated, all derived from the original base, and the triangulation may 
be extended, till a complete map of a country would be constructed accu- 
rately to scale. ^ Two important points, however, must be borne in mind. 

1st. The triangles must be well chosen, so as to ensure the greatest pos- 
sible accuracy, and for this purpose their sides must be fairly equal, or at 
any rate not very unequal in length. For triangles with very unequal sides 
will have at least one small angle, a small error in the measurement of 
which will cause a large proportionate error in the calculated lengths of the 
sides. With well-chosen triangles the first series of triangles will have sides 
which are only some few miles long. But as the series extends, larger and 
larger triangles may be used, till we get to sides of loo miles longer more, 
as the III miles from Sea Fell Pike in Cumberland to Slieve Donard in 
Ireland. (For such long distances the weather must be very favourable to 
observe the signals, which are reflected sunlight or powerful artificial 
lights.) 

2nd. The second point to observe is that these triangles are not plane 
triangles, but are on the surface of a sphere (approximately). The conse- 
quence noticed is that the three angles of the triangles make up more than 
180® ; and, indeed, this is a guide that the observations are correct. See 
par. 8. This causes immense intricacy in the necessary calculations for 
the lengths of the sides of the triangles, and the labour of this calculation is 
immense. Nevertheless, it is done with wonderful accuracy, and the 
triangles are so interlaced that one is being continually used to check and 
test the accuracy of the others. In this way, too, the length of the base 
itself may be checked. For instance, we have the two measured bases of 
Lough Foyle and Salisbury Plain, the former nearly eight miles, the latter 
nearly seven miles long. Through a most intricate series of triangles, the 
length of the Salisbury Plain base was calculated upon that of Lough F^Ie, 
with a result which was less than five inches from its measured value. 
This error was divided equally between the bases and the connection ap- 
plied to the whole triangulation. Another example of the accuracy of al- 
lowing for the different elevations of the stations is that the height of Ben 
Mac Chui was calculated to be 4,295*6 feet, and measured by means of the 
spirit-level to be t\ inches more. 

In the principal Trianguktion of the British Isles, the average length 
of the sides of the triangles was 35*4 miles 5 and the sum of the lengths 
206, 7 1 0,000 miles. The principal triangles were subdivided into secondary 
ones, with sides of ten or fifteen miles } these again into tertiary trianMes 
of about one mile, and then ordinary chain-surveying was done* la this 
way the maps of the Ordnance Survey were made. 

187. Sisse of tho Earth* — Besides being o* use for purposes 
of xsoap-making, geodetical observations give the 5120 and true 
shape of the earth. In this latter purpose they must be con- 
nected vrith astronomical ol^servations after a careftil masure* 
mmt cf the arc of a fnmdian* This memmwxmt is effected 
by choosing tivo of the stations in the of trianguktion 
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so that the one is due north of the other. Then all the neces- 
sary trigonometrical calculations of this meridional arc are made, 
and to ensure accuracy, a base of verification is measured, and 
must have its calculated value. The geodetical work is then 
finished, and gives the linear distance between two stations on 
the same meridian. The astronomical work consists in finding 
the difference of latitude of two stations. The latitude of each 
station may be found by the usual astronomical means ; or the 
difference in latitude may be found more simply. The 2enith 
distance of the same star when on the meridian must be 
measured at both stations by the use of the zenith sector (par. 
51), and the difference between these two zenith distances 


z' 



gives the difference of latitude of the two stations, which is the 
angular value of the arc measured. 

Let fig. 137 represent a plane section of the earth through the centre 
and the poles so that the circle shown is a meridian. The distance B Q 
on this meridian has been found in miles by geodetical work. We want to 
know the value in arc of e g, that is the number of degrees in the angle e o a. 
The line o G z is the vertical line at G, as found by the plumwine, and 
o E z' the direction of the vertical at E. When a fixed star is on the 
meridian at G, it is also on the meridian at E, and the lines GS and E 
pointing to tWs infinitely distant star, are parallel. An observer at G 
measures the angle SGZ by the aenith sector when the star is on the 
meridian, and at the same time an observer at E measures the angle s'B z'. 
These angles are the zenith distances of the star at the points o and E, 
and the dtfference of the two angles is the angle G 0 e, which gives us the 
nutnb^ ot degrees in the arc G e. Let this arc be 9® 24', and let me dlstaime 
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C E, measured in miles, be 645^, We have then the simple question : If 
9® 24' g^ive a length of 645^ miles, what will be the length of i°. The 
result is 697 miles nearly. This measurement of an arc of one degree 
on the meridian is the foundation of the subsequent calculations, and the 
great care taken in measuring the base-line, and in the work of triangula- 
tion, enables us^ to obtain this length accurately to a few feet. Knowing 
the value of i®, it is easy to find the value of the whole circumference, or 
360®. 

188. Shape of the Earth. — Several arcs have been measured, 
some twenty or thirty in different parts of the world : an 
Anglo-French one of more than 12®, an Indian of 18®, a Russo- 
Scandinavian of 25®, and shorter ones in South America and 
South Africa, and it is found that the length of a degree 
increases as we pass from the equator towards the poles. 
Near the equator the degree is about 362,800 feet, but in North 
Sweden, lat. 66®, it is 3,000 feet longer. That is, in the north 
or south it would be necessary to travel farther to get a differ- 
ence of I® in the altitude of the celestial pole, than it would 
be near the equator. This proves that the earth is flatter near 
the poles, and its shape, instead of being a sphere, is an oblate 
spheroid, and it is found that the polar diameter is about 27 
miles shorter than an equatorial diameter. Arcs of longitude 
are also suitable for obtaining the size and shape of the earth, and 
indeed arcs between any two stations of which both the latitude 
and longitude are known, may be estimated. With these fur- 
ther measurements it has been found that the earth is not 
even a true spheroid. The equator is not quite circular, but 
is itself elliptical, having one diameter slightly longer than the 
other at right angles j but this is not nearly so noticeable as 
the flattening of the poles. Such a figure, with three axes of 
different lengths, is called an ellipsoid.^ 

According to Colonel Clarke, the true dimensions of the 
earth are 

Equatorial semi-diameter, 3,963*296 miles sas 20,926,202 feci 

Polar semi-diameter, 3,950738 „ =: 20,854,893 

EUipticity or Polar compression, — 

293*46 

tSp. Sarlisoe scad Toltuai* of Hhit Barth*— -Tho oartb is 30 nearly a 
wpjime that we can now deternsiiie the mm of its md its bulk or 


* See note* page 372, 
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volume, from the known properties of a sphere — surface = 4 
volume = i IT r*, where r is the radius of the sphere, ^ Putting the earth a 
mean semi-diameter for r, it is found that the surface is I97»oc)0,ooo s<juare 
ti^es, and the volume 260,000 million cubic miles — in round numbers,^ 

190. Weighing the Earth and finding its Density .-^Since the weight 
of the earth is merely the product of its volume and density, and ite volume 
is now known, these questions are identical. There are three fairly satis- 
factory ways of finding out the weight of the earth. All depend on the 
principle of gravitation, and roughly^ all three are methods of comparing the 
earth’s attraction for some body with the attraction of a known mass or 
weight for that same body. The details of experiment, however, vary 
widely. We shall now point out the method of procedure for each of the 
three. It must, of course, be understood that most careful and intricate 
precautions to ensure accuracy are necessary for these experiments ; but into 
these we have not space to enter. 

1 91. The Schehallien Experiment. — This experiment was so called 
because it was carried out on the Schehallien mountain in Scotland, in X 774 » 
by Dr. Maskelyne. In the experiment, the attraction of the earth was 
weighed agaiast that of tihe mountain by ascertaining how much the local 
attraction of the mountain deflected a plumbline from the vertical position. 
Two stations on opposite sides of the mountain were chosen so that the one 
was due north of the other. The difference of their geographical latitude 
was measured accurately by actual geodetical measurement. This determines 

the angle between the two vertical 
lines p A and Q B. But a plumblinel 
p V, over A is pulled slightly out of its 
vertical position to pv' by the attrac- 
tion of the great mountain moss M, 
and the pkimbline QW over B is 
similarly pulled to Q w'. The dis* 
Fig, 138. tance of astronomical latitude is found 

by measurement of senith distances of 
stars. These measurements depend on what seem to be the vertical lines 
at A and B, viz. p v' and Q w' ; and not on the actual vertical lines P v and 
Q w. This difference of astronomical latitudes gives the angles between the 
plumblines P v' and q w'. The difference of geographical latitude, or 
angle between p v and Q w, was found to be 41^, while that of astrono- 
mical latitude or angle between P v' and Q w' was found to be 53'' So 
that the angles v p v' and w Q w' being equal were each 6^'. So that the 
mountain's attraction on a plumbline pulled it out of its true vertical Iw 
Careful measurements of the surface of the mountain were made in order to 
calculate its volume ; and also the rocks were carefully examined to esti- 
mate their average density. The two would then give the mountain's 
mass, and the problem then was to estimate the ratio of the mass of the 
earth to that of the mountain so that the latter could produce this deflec- 
tion of 6'^ in the plumbline. By this means the density of the earth was 
found to be 471, a result not closely agreeing with other and better 
experiments. (The weakness of the method lies in the estimation ol the 
average density of the rocks, which cannot be accurately determined*) A 
repetition of the experiment on Arthur's Seat near Edinburgh gave a 
result, viz* 5*32. 

. ^ 192. Cavendish Experlmeni*-This is the method of 

earth% mass and den^ty by cmns of a torsion balance, mi wim'Wm 
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employed by Cavendish in 1 798. It depends on measuring the attraction of 
two large masses of lead on two small ones placed at the ends of a light rod 
which is delicately suspended by means of a" fine wire fastened at the centre. 
In fig. 139 and b are the two small ballb fixed on the end of a light bar 
which is suspended horizontally about its middle point r by a long fine 
vertical line. If the rod is turned through 
a small angle it twists the wire, and on 
being released it vibrates about its mean 
position till reduced to rest by the friction 
of the air. The time of oscillation will 
determine the force of torsion of the wire, 

i. e. the force which it exerts to prevent itself 

being twisted. N ow when ^ 3 is in its mean 
position the two large balls A and B are 
put in their positions near the small ones 
a. and ^ as in the figure. Then A attracts 
(Z, B attracts h, anJ the rod is deflected 
from its mean position, until the force of 
torsion, which increases the more the wire 
is twisted, counterbalances the attractive 
forces of the balls. The new position of 
the balls a and b is carefully noted. Then 
A is moved to A' on the other side of 
and B to b' on the other side of ^ ; and 
•there is now a slight deflection in the oppo- 
site direction, equal to the former, ajgain *39* 

carefully noted. The difference in position 

of a for the two deflections when measured gives twice the deflection pro 
duced by the balls in the first or second positions. As a matter of fact in 
actual experiment it was found that the apparatus was never at rest ; but 
the true position for any observation was found by observing the length of 
swing of the rod, and taking the mean of the extreme positions. In this 
way the required deflections could he accurately obtained, without tedious 
waiting for the rod to come to rest. Now the previous experiments give 
the force requisite to produce this deflection or twist in the wire ; and this 
force is, of course, equal to the attractive forces of the balls, which therefore 
are now known. That is, we now know the attractive force of the ball a, 
of known mass or weight, on the baU The distance, say op, between their 
centres has to be most carefully measured, and since the balls attract just 
as if their whole masses were collected at their centres, we have now all 
for calculation. Thus the ball a attracts a at distance x with a known force. 
We can calculate what would be the attraction of a or « at a distanoe 
equal to the radius of the earth. Bat the earth’s attractive force at tUs 
distance on ei is the weight of x* The ratio of the masses of A and the 
earth is the ratio of their attractive forces on a at equal distances. He^ 
we know how many toes the earth is heavier than A. This method h 
better than any other, and by it Cornu obtained $ *56 as the earth’s density— 
a result as accurate as we can hope to £et« 

Hif appmtnt diiiiad i» fem the abo 7 «, wltis hmy US» 

foai hollow Icon n^Mrat plaeod nmr the snwU lMi% tied '.riuch 

conld he idteniwy fiOed with sMumiiT end etophMl ^ he 

ii. <dd«dtIwijUftti)£eftMlM^ (To Wieatethe<|i)inK!f'4^ 

tnOeitewt «e oheerre that it is 




222 Advanced Physiography 

requisite to measure a force equal to a hundred-millionth part of the weight 
of the small ball). 

193. The Hiurton Pit Ezpenment. — This was devised and carried out 
by Sir G. Airy. It depends on observations of the difference in the time 
of swing of a pendulum at the top and bottom of a mine. The time of the 
complete swin g of a pendulum, the * swing- swang,’ is given by the formula. 

Time = Jtt of pendulum ^ when at the bottom of the mine 

V force of gravity 

the mass of earth above has no longer a downward attraction on the pen- 
dulum-bob, and so the force of gravity on it is diminished, with a conse- 
quent change in the time of swing. At any point within a hollow spherical 
shell, supposed to be homogeneous, it can be proved th|it the attraction of 
the shell is zero. So that as far as gravity is concerned, the effect of going 
to the bottom of the mines was, as it were, to strip off a shell of the earth 
equal in thickness to the depth descended. But being closer to the centre 
of the earth slightly increases the force of gravity. The pendulum at the 
bottom of the mine will therefore move faster because nearer the earth’s 
centre, slower because of the shell stripped off ; and on the whole slower 
because the effect of the latter is greater than that of the former. The 
observed times of swing at the top and bottom of the mine will give the 
ratio of gravitational force of the whole earth, and of the earth with its shell 
stripped off. If then we can determine the mass of the shell accurately we 
can determine that of the earth. We have supposed the shell homogeneous ; 
it would not be likely to be so round the whole earth, or even in any 
considerable part, The part of the shell near the mine is practically the 
only part that changes the gravitational force j and the best possible esti- 
mate of its average density was made by observation of the character of 
the rocky strata. Then was deduced the relation between the density of 
the earth and that of the shell. The result found for density of the earth 
was 6*56, a value now generally held to be too high. Other methods of 
rinding the density of the earth have also been devised, and as a result of 
the best experiments it may be taken that the density of the earth, is about 
5*58. It is remarkable that Newton, in one of his prophetic guesses, put 
down the density as between 5 and 6, long before experiments to determine 
it were tried. The weight of the earth, l^ing deduced from the product of 
its volume and density, is about 6,000,000,000,000,000,000,000 tons, 6 
followed by 21 ciphers. But this must be clearly understood. Mass is a 
property of matter independent of attraction ; weight depends on attraction 
— usually on the attraction of the earth at its surfece. So to say that the 
earth weighs so many tons practicalljr means that if you were to take a 
cubic yard of the earth’s substance, weigh it on the surface of the earth, then 
put it back in its place, take another cubic yard, weigh and replace it, and 
so on till every part of the earth has been brought to the surface and weighed, 
then the sum of all the weights may be looked on as the weight of the earth. 

194, Determination of Latitude. — To know our position on the 
earth’s surface it is necessary to ascertain the latitude and longitude of th^ 
place on which we stand. The latitude of a place is often defined in 
geography as the distance north or south of the earth’s equator measured 
in degrees. It may be better regarded as the angle between the perpen- 
dicular to the horizon of any place and the plane of the earth’s equator. 
In fig. 140 let c denote the centre of the earth and r a point on tic 
earth’s sux&ce. Through c draw a line towards the celesnal pole uipjd 
cutting the surface of the earth at the north and south poles. Tnro^ C 
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draw also a plane perpendicular to c P, to represent the earth’s equator, and 
draw CRZ through R. This line will be perpendicular to the tangent 
plane R A which denotes the horizon at R. Then by definition the angle 
R c H is the latitude of the place R, The observer at R sees the celestial 
pole in the direction R Q, which is parallel to c P, owing to the enormous 
distance of the fixed stars. At the point R in the straight line H rq we 
have the angle arc, equal to a right angle, 
and therefore the angles Q R A and H R c toge- 
ther equal to another right angle, and since 
in the triangle R H c, the angle at H is a 
right angle, therefore the angles HRC and 
R c H are together equal to another right 
angle. Hence the angles QRA + HRCs: 
the angles H R c + r c H, Taking away 
the common angle H R c it follows that the 
angle QRA must be equal to the angle 
RC H, that is, tht eleuation of the pole above 
the horizon is equal to the latitude of the 
place. To determine latitude, therefore, we 
only need to find the elevation of the pole. 

This can be done exactly by measuring the 
altitude of any circumpolar star at its upper 
and lower culminations, correcting both 
observations for refraction. The mean of 
the two altitudes thus corrected gives the 
latitude of the observer. We may also find 
the latitude by measuring the altitude of a Fig. 140, 

star when passing the meridian, if its de- 
clination is obtained from the Nautical Almanac. The complement of the 

declination thus obtained is the ijolar distance, and if we add the observed 
meridional altitude to the polar distance and then deduct the sum from 180^ 
we get the elevation of the pole— that is the latitude. At sea, where fixed 
instruments cannot be employed, the latitude is usually determined by ob- 
serving with the sextant the meridian altitude of the lower limb of the sun or 
moon. To this altitude we must add the semi-diameter of the body and 
correct for refraction and dip. The result plus the sun’s declination (obtained 
from the Nautical Almanac) if south of the equator, or minus if north, 
will give the elevation of the equator, which is the complement of the 
latitude.! 

195. Determination of Iiongitnde. — Terrestrial meridians are great 
circles passing through the poles, and the longitude of a place may be de- 
fined as an arc of the equator intercepted between some selected meridian 
and the meridian passing through the place. It may also be regarded as 
the angle subtended at the terrestrial pole Isy this arc. Longitude is 
measuted 180^ east and west of the selected meridian— that of Greenwich, 
As the earth rotates uniformly firom west to east, it brings the sun to the 
ifieridian of any place every 24 hours j therefore or 15®, is the space 
of the earth’s surfiice passed over by the sun in one hour, or one degree 
in 4 mins, of time, Lon^tude may therefore be expressed when we 
know the amdunt by which its noon is earlier or later than noon at 
Greenwidi. The lo^ sidereal time can be obtained If observing the 
transit of a star whose ascension is known, and then converting this 
into mean solar time. At sea, the time is usually determined by finding 

* Bee note, page 
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the apparent noon hy observation of the sun’s meridian p^sage, and from 
this mean noon will be obtained by applying the equation of time with 
its proper sign. Knowing the local time at any place it is easy to find 
its longitude if we can compare it with Greenwich time at the same 
moment. Greenwich time is often obtained from a well-regulated 
chronometer* This is a method much used by mariners. Having found 
the time, at a certain position, the chronometer is observed for Greenwich 
time, and the difference of the two times at once gives the longitude. Thus 
if the local time be lo A.M. when the Greenwich time is 1 . 12 p.m. the longi- 
tude is 48° W. The best method on land is the method ’by electric tele^aph. 
This enables two observers to ascertain the difference of time at any instant 
as shown by their respective clocks accurately adjusted to local time. 
This gives the difference of longitude, so that if the longitude of one station 
is known that of the other can be exactly determined. Another method 
of finding the longitude of any place is the method of lunar distances* 
Certain pages of the Nautical Amanac contain, for every third hour of 
Greenwich mean time, the angular distances of the apparent centre of the 
moon from the sun, the larger planets, and certain stars, as they would a;p- 
pear from the centre of the earth. The observer at sea measures with his 
sextant the distance of the moon from one of these stars. This lunar dis- 
tance is reduced to the centre of the earth by clearing it of the effects of 
parallax ’and refraction. Knomng the local time (from other observations) 
at which the lunar distance was measured, he finds in the Almanac the 
Greenwich time at which the lunar distance of this star was the same. 
The difference between the local time and the Greenwich time gives the 
longitude of the place of observation. 


CHAPTER XII. 

CELESTIAL MEASUREMENTS. 

196. Having obtained a measurement of the size of the 
earth, it remains to be seen what knowledge we can gain of the 
distances of the different celestial bodies. At first sight it may 
appear strange that we are expected to measure such distances, 
because these celestial bodies cannot be reached. But our 
geodetical measurements will have given us some idea of the 
methods to be pursued. For in the system of triangulation it 
will be understood that by measurement of the distances 
between two accessible stations a and b, and observation of the 
angles formed at a and b by lines from a third inaccessible 
station c, we can calculate the distance from either a or b to c 
without ever going to it— that is, if we know the length of om 
side of a triangle and also the size of the angles of this trian^^* * 
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are able to estimate the lengths of the other sides. This 
method is most easily and accurately applied in the case of the 
nearest of the heavenly bodies, viz. the moon. The process is 
called finding the parallax of the moon. This we will explain 
at greater length. 

197. Parallax. —An observer looking out from the window 
of a room may see that some outside object, a tree or chimney 
it may be, is directly behind a particular mark, as a crossing of 
the woodwork in the window. When he moves from his first 
position, his mark on the window will seem to change also, no 
longer covering the first external object, but moving on to 
some other. This apparent change of position of a body relative 
to some distant background, but due to a real change of posi- 
tion of the observer, is called the parallax of that body. In 
astronomy we use this term in a more restricted sense, to be 
defined shortly. We are continually noticing this parallax, 
and, indeed, estimate distances of near objects by their change 
of position, as seen from the two eyes. For if the finger be held 
up, and the eyes be alternately closed, the right eye will see it in 
front of one distant body, and the left eye in front of quite a 
different one. The angular displacement of a near object in 
this way is considerable, and the muscular effort necessary to 
converge both eyes to it gives some idea of its nearness, A^y 
do we say this only applies to near bodies? Because the 
angular displacement or parallax for distant bodies is extremely 
small for such a small change of position of observation as 
from one eye to the other. Roughly speaking, the parallax of 

change of position of observer 
® ^ • 

If then we are to estimate large distances, such as that of the moon, we 
mnst take two stations as &r apart as possible, so that we may make the 
parallax or angular displacement to be measured as large as po^iHe, £md 
so less liable to error in measurement Now as all observations of heavily 
bodies are made from diffment posidons on the earth’s sur£me, we most 
understand that the positions of the nearer heavenly bodies, as seen projected 
on the background of the heavens, will vary according to the position of 
the obaerver, So ^t all num^ml indications of position of such bodies 
would necemitete a s tafewt mi ^ the exact position of each observer, and 
whhottt due anewunues w<wdd im be accurate for an observer in another 
To avoid a® the positions are put down as they 

tt Q 
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would appear to an observer at the centre of the earth. The position of 
the heavenly body to any observer on the earth’s sutf^e is called its 
apparent position ; the true position being that in which it would appear 
to an observer at the centre of the earth. All observations are reduced 
from apparent to true position, the correction being called correction for 
parallax. Thus parallax of a heavenly body is the angle between two 
lines drawn to it, one from the observer and the other from the centre of 
the earth ; for this angle is a measure of the displacement on the distant 
celestial sphere due to this change of position, and the angle will evidently 
be smaller the more distant the object is. Thus in fig. 141, o is the observer, 

with his zenith in direction c o z, 
c the centre of the earth and s the 
heavenly body. The angle z o s 
is the zenith distance. The angle 
o s c is the parallax. When the 
body is on the observer’s hori- 
zon, as at s', then the angle c os' 
is a right angle, and the angle 
o s' c is now called the horizontal 
parallax. When the body is 
/ vertically over the observer there 
^ is no parallax. Parallax in- 
creases with the zenith distance 
of the body, being greatest on 
the horizon, i.e. the horizontal 
parallax is the maximum. An- 
other way of considering hori- 
zontal parallax is to look on it 
as the angle subtended at the 
celestial body by a radius of the 
earth 5 and double the horizontal 
Fig. 141. parallax is the angle subtended 

by a diameter of the earth or 
the angular magnitude of the earth as seen from the celestial body. As the 
earth is not a sphere but a spheroid, its radii differ slightly. It is usual to 
refer in horizontal parallax to an equatorial radius as the base line of 
observation. This is then called the equatorial horizontal parallax. The 
equatorial horizontal parallax may, therefore, be defined as the greatest 
angle at the centre of a heavenly body subtended by an equatorial radius 
of the earth. As the angle cos' is a right angle, therefore sine os'c « 
o c 

— If the point o be on the equator, this gives the relation sine 



(equatorial horizontal parallax) « . 5 ?: the distance 

distance of heavenly body 

being measured from the centre of the earth. The distance is also given 
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(see par. 3). 


parallactic angle in seconds 

As we know the equatorial radius of the earth, this trigonometrical 
relation will give us the distance of the heavenly body when once we have 
measured the angle called its equatorial horizontal parallax. Thus the 
determination of the distance of a heavenly body resolves itself into the 
determination of its parallax. For all heavenly bodies except the poon, 
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the distances are very large, and the angle to be measured so extremely 
small that the greatest instrumental refinements are necessary, whilst a 
small error in measurement of this small angle will produce a large error in 
the calculated distance. But in the case of the moon, which is comparatively 
near, the angle to be measured is larger, and a small error of observation 
does not give such a large percentage error in the calculations. Hence we 
said that the method of parallax was more easily and accurately applied to 
the distance of the moon than that of any other celestial object. We 
will now indicate the method as applied to the moon. 

198. Beterminatioa of Parallax and Distance of Moon.— For this 
purjjose two places of observation, as far distant, and as nearly^ on the same 
meridian as possible, are chosen ; for example, the observatories at Green- 
wich and the Cape of Good Hope have been used. Let o and H repre^nt 
these two places of observation, supposed to be on the same meridian, 
N G H s. N c s is the axis of the earth, c its centre, G ir f are two lines 
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pointing respectively to the north and south poles of the heavens at o and h $ 
and so lines are parallel to N s. M is the moon, g s and h s' are the 
directions of the same star, s, some star on the meridian and near to the 
moon at both stations. As the stars ar^racticallv at an infinite distance* 
the directions 0 8 and H s' are pamllel. The figure is exaggerated t In reality 
the angles s a Sf , s' H m will both be very ttnalu At each station the diSbr 
ences m the polar distances of M and s are measured by the transit drek. 
Thus at the northern station, the difference between Hop and $op is 
measured when m and $ cross the meridian, giving us the ai%le H OS, and 
at the same time and in the same way the angle s' H M is measured at the 
southern statist* Beeauseosand H s' are parallel* soM-f S'EMwOMH* 
Therefbre we get from the observations the angle OMIX^ which Is the 
parallax of Che moon due to change of point of obeervariou t(om o to h. 
Moreov^ we know the angle gch* which k the Ms tsi the northern 
latitude d* Greenwleb and eouthem latitude of ^ and we know 

q 2 
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c G, c H, the radii of the earth at G and H. So now we have sufficient data 
for the trigonometrical calculation of any of the distances G M, CM, or H M, 

As an illustration, suppose the angle / G M between the north celestial 
pole and the moon measured at G was loi®, and the corresponding angle 
at H, between the moon and the south celestial pole, 8o® 26'22'^ 
Then/ gm+/'hm-i8i° 26' 22''. Now, if instead of the moon, the im- 
mensely distant fixed star s had been observed at g and H, iSo*^ would 
have been the result, as G s and H s are by supposition parallel. Hence the 
angle G M H « i® 26' 22". Calling the distance G H 6,000 miles, we get a 
parallax of i° 26' 22", or 5,182'' with this base-line. From this may be 
deduced the angle subtended at the centre of the moon by the earth’s 
equatorial radius, 3,963 miles. This is the moon’s equatorial horizontal 
parallax, and from many careful measurements, this angle has been found 
to have a mean value of 57' 3" or 3,423". From what has been said in 
paragraph 3, we see that the moon’s distance may be determined from this 
parallax. We have, calling R the radius of the earth, moon’s distance** 

52 ^^^=a 6 oJ- earth’s radius, nearly = 238,800 miles. 

In this way it has been found that the moon’s distance from the centre 
of the earth varies between 259,972 miles and 221,614 iniles ; the mean 
distance being 238,840 miles, or about doj times the equatorial radius of the 

earth. Since sine (equatorial horizontal parallax) = 

distance of moon 

we find that the mean equatorial horizontal parallax of the moon is 57'3", 
or nearly i®. Or, as we may put it, the earth’s diameter would subtend an 
angle of 2® to an observer on the moon. 

{Note* Two stations with suitable observatories cannot be found ex- 
actly of the same longitude ; but the method above explained is applied with 
the extra corrections neqded, such as that due to a change of polar distance 
of the moon during the interval between its transit over the two meridians.) 

199. Determination of the Size of the Moon.— Once having 
obtained its distance, we have merely to measure its angular 
diameter and we can get its magnitude (see par. 3). Its mean 
angular diameter is 31' 7". This corresponds to a diameter 
of 2,163 about of the earth's diameter. Since the 
surfaces of globes vary as the square of the diameter, we find 
the surface of the moon rather more than ^ of the surface of 
the earth; and as the volumes vary as the cubes of the diameters, 
the volume of the moon is about that of the earth. 

It must be noticed that the moon's distance is no basis for 
other measurements, as it has no relationship to other distances 
in the solar system. Quite different is the case of the suites 
distance, as this serves for an excellent base-line for mesisure** 
ments both in, and beyond, the solar system. 

200. Butanes of Vast . — h metbod of parallax similar to that 
^dmg the moon’s distance has beer^ applied to the planet Mars. 
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able opportunities are taken when Mars is in oppositionj for then Mars and 
the earth are nearest together. The most favourable oppositions are when 
Mars is at perihelion and the earth at aphelion, as the two planets are then 
at their minimum distance. Such was the case in 1877, and will be again 
in 1892 and 1894. In observations for the parallax of Mars, one observer 
has been found sufficient. He makes two observations at an interval of 
some hours, the rotation of the earth supplying the requisite base-line. 
Suppose, for example, the observations are made at the equator, the first 
when Mars is rising, and the second when he is setting. In this case, the 
second observation will be made at a distance of nearly 8,000 miles from 
the first, the rotation of the earth having carried the observer distance 
from the point of his first observation. Mars will thus be made to undergo 
an angular change of position, and this is the parallax to be measured. 
Fig. 143 illustrates the displacement of Mars in such a case. The lower G 
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Fig. 143, 

and the upper G' represent the positions of an observer at the equator at an 
interval of 12 hours. As seen from o when Mars is rising, the planet ad- 
pears at s to the east of the distant fixed star s, and this eastward displace- 
ment is measured. The star is one which has really the same decimation 
as Mars, and which therefore appears in the same position from all points 
of the earth. As seen from o’— the upper a — when Mars is setting the 
planet appears at x', and this westward displacement is measured, lie 
angle s M s% which is equal to o M g', is thus determined, and this angle is 
the angle subtended at the centre of Mars by the diameter of the earth. 
By definition, then, half this ar^le is the equatorial horizontal parallax of 
Mars ; and knowiii this (about az^') and the radius of the earth we can 
find the distance of Mars from the earth at the time of opposition. The 
result thus found gpives the average distance of Mars from the earth at the 
time of opposition as 48,600,000 miles. 

zox» Solar Bistanoo aiid Farallaoc Beduoed from distance 
of Kara — ^The importance of this method is its indirect result 
in giving us the ^stance of the sun and the solar pamJla^ 
No accurate means of directly measuring the parallactic dis- 
placement of the sun has been devised, for the sun's Kmh is a 
bad object to point on, and its heat further disturbs the instru- 
mental adjustments. But in the present case we may obtain 
tibe sun^s distance by making use of Kepler's Third Law of 
ftoetary Motions. Call i ng » tibe mean dtonoe of Ae earth 
INm the sun, and M the the ear# and Mars at 
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By Kepler’s Third Law 

(e+m)® : E® :: (length of Mars’ year)^ : (length of Earth’s year)*. 

{ m \ (365^)^ 

From this we can determine the value of e when m is known, 
and the sun’s parallax is determined from the equation, — 
sine (sun’s equatorial horizontal pnmngY) ^ radius of earth 

Making all the needful corrections, Dr. Gill obtained from 
a number of measurements made at the opposition of 1877, a 
solar parallax of 8"783, corresponding to a mean solar distance 
of 93,080,000 miles, a result which may be taken as a close 
approximation to the truth. 

202. Distance of Venus and the Earth from the Snn. — It 
might be expected that a method of obtaining the parallax of 
Venus when in conjunction, or when nearest the earth, could be 
used, similar to that used for Mars. But unfortunately Venus 
in conjunction is so close to the sun as never to be visible ex- 
cept in those rare cases when the planet passes as a dark disc 
across the sun’s face. These occurrences are called transits 
of Venus, and come at intervals of 8 years, 121^ years, 8 years, 
105^ years, 8 years, years, and so on. The last was in 
December 1882 ; the next will be on June 7, a.I). 2004. For the 
purpose of observing the transit from different parts of the 
earth, the various civilised countries have fitted out scientific 
expeditions at considerable cost. This very valuable method 
of determining the sun’s distance is unfortunately hampered by 
many serious practical difficulties, so much that of late, perhaps, 
not so much importance has been attached to it as was the case 
a few years ago. It will be noticed that this, like all pthei 
methods of obtaining the sun’s parallax, is an indirect one ; for 

=i = — ^ 

Fig. 144.— lUustrating the detemination of the Sun*s distance by the Observation 
of Venus in Transit 

no accurate means of measuring this parallax directly has been 
devised It would be entirely out of our scope to do more 
illustrate the principle involved. The figure will sufficiently 
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indicate this, v represents Venus passing in the direction of 
the arrow between the earth, e, and the sun, 

The sun’s disc itself serves as a background on which the parallax of 
Venus may be measured. But not only is the planet displaced by parallax, 
but so also is the sun. If the sun were a fixed background, the angle E v e', 
through which Venus seems displimed, would be its true parallax. But 
because the sun also is displaced this angle is the parallactic displacement 
of Venus relative to the sun ; or in other words it is the difference between 
^ the true parallax of Venus and the true parallax of the sun. The case of 
' the parallax of Mars was simpler because the background then was a fixed 
one, viz. the infinitely distant celestial sphere. That this angle will serve 
our purposes will be manifest from the following course of reasoning. To 
an observer on the earth at E, Venus appears projected on the sun*s disc 
at zf, while to another observer at e' the planet appears projected at zf'. 
To the first observer the planet’s path across the sun appears tobc / 9 m, 
to the second it appears to be t' v' The angle E v e', or its equal z» vz»' 
is the first object of our work. Regarding bv b’ and » vza as isosceles 
triangles, which are similar, having equal angles, and consequently having 
their corresponding sides proportional, we have — 

EV : Vz; « EE' j 

But by Kepler’s Third Law we know the proportion between E v and v v. 
It is as I ; 2*61, and therefore 

1 ; 2*6i « EE' ; 

orzfv' m 2>6I X EE' 


Now E e' is the distance between the two observers on the earth, and will 
be known. Suppose they arc on opposite sides of the earth, so that E e' is 
a diameter, and equal to 7,920 miles. The distance has now to be 
calculated both in miles and in angular measure. This is done by com- 
paring it with the diameter of the sun, for which purpose the positions zf 
and v' are simultaneously recorded, by photography or otherwise, at the 
two stations E and e'. Now the solar diameter in angular measure is 32' 4", 


It is found that z> »' is about of the solar diameter (the distance v v* 
is greatly exaggerated in the figure). Then »»' in angular m^ure 
is — of 32' 4" w 46" nearly. But we know v v* m 2*61 


41*8 


41 *S 


X BE'* 2*61 X 7,920 miles * 20,671 miles nearly. So that at the dis- 
tance of the sun, 20,671 miles subtend an angle of 46"^ But the solar 
parallax is the angle subtended by the semi-diameter of the earth at the 

distance of the sun. Therefore the solar parallax Is 46" x 

nearly. With this value of the sun’s parallax we get the distance fsom the 

equation (par. 3). Taking the value of E# tie earth’s 


radius, as 3963*296, we thus find the distance of the sun to be 92,897,000 
miPles. 

The other methods of obssmtkm are known firom ijae mtm of thdr 
Inventors, HaUey and l>eMe* Halley's method eloofacldeBt path re 
qtdres that the twostateK l&and shall be m to observe the 

whole pith tm and the time of crossing is amrately uken, and 



232 Advanced Physiography 

this gives data for estimating the lengths of the chords / m and Z' and 
therefore of their position on the sun’s disc. Then the distance between 
the two paths is calculated and applied to determine the solar distance 
after the method given. Delisle’s method of non-simultaneous occurrence 
depends on the fact that at the two stations the planet would just get on to 
the sun’s disc (called the point of internal contact of ingress) at different 
times. The figure illustrates Venus at y showing the moment of internal 
contact of ingress at the point A. YU represents 
the path of Venus across the sun’s disc, ABC. 
Favourable points of observation may be chosen*^ 
so that the interval between the times of ingress 
may be the greatest possible j in 1874 it was as 
much as 25 minutes. The instant, as near os pos- 
sible, of internal contact is taken at the two stations, 
and, allowing for difference of longitude, the dif- 
ference of absolute times will be known. This 
difference is only due to excess of parallax of Venus 
over that of the sun, and hence the excess can he 
calculated, and used, as before, to determine the 
solar parallax. This second method could be 
equally well applied to a difference of egress or time of emergence of the 
planet from the sun, and the method has the advantage of requiring a post 
of observation for ingress or egress only ; whilst Halley’s method requires 
a post of obsepation for the whole transit, which usually takes more than 
six hours, during which the observer, if he were not in a properly chosen 
position, might have the sun setting. Its disadvantage is the difficulty of 
deciding the exact moment of ingress or ^ess, owing to optical causes. 
Both methods have their advantages, and both unfortunately have many 
disadvantages connected with exact observation. The results of the 1874 
transit gave an average distance of the sun equal to about 92,500,000 miles. 

203. Sun's Distance deduced from the Aberration Constant. 
—So important is this great base-line of astronomy that many 
ways of deducing it have been originated. One of interest, and 
likely to give an accurate result, is based on the principle known 
as the aberration of light The aberration of Ught, as explained 
in the ‘El. Phys.’ (par. 306), is, in astronomy, the apparent 
displacement of a celestial body due to the combination of the 
orbital motion of the earth and the progressive motion of Hght 
The amount of this displacement depends on the relative 
velocities of the earth in its orbit, and of light Inconsequence 
of this aberration of light each star appears slightly displaced 
from its true position. The displacement is alwajrs in the 
direction of the earth's motion. Thus in fig. 146 a BCD re* 
presents the earth's orbit about the sun, s. The arrowB 
the directions of motion at the different points, s is 
<rf a star. In c^^i^uence of abermticai, 
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earth is at a, the star seems displaced to a^s a being parallel 
to the direction of the earth^s motion at a. Similarly when the 
earth is at b the star appears to be ^tb^sb being parallel to the 
earth^s motion at b. In fact, as the earth describes its orbit 
A B c D, the star seems to describe an imaginary small orbit, 
abed^ round its true position, s. As Professor Young says, 



Fio. 



FtG* 

of Stars in cUffnrent Caes« 
tial X^atitudes, 


The earth therefore, so to speak, drives the star before it in the 
aberrational orbit, keeping it just a quarter of a revolution ahead 
of itself.’ When the line #s is perpendicular to the ech’irtio 
or plane of the earth’s orbit a u ci>, the small orbit of the star 
will be exactly similar to the earth’s orbit ; i.e. nearly a perfect 
circle. As f s becomes inclined to that plane, the cirde aied 
will be more « less viewed edgeways, and appear as an ellipse, 
becoming more and more flattened as the Itoe as approaches 
the ediptici until flnaBy it wfll appear as a straight line when 
tite star is in the sudi a star having a mddy back- 

mrd End 

lit In aft otdt hWt aids of the dfipw 



234 Advanced Physiography 

parallel to the ecliptic and of the same length for all stars. The value of 
the minor axis defjends on the starts latitude diminishing as we pass from 
the pole of the ecliptic to the ecliptic itself. The length of the major axis 
simply expresses the ratio of the velocity of light to the velocity of the earth 
in its path and is therefore constant. It has been found by careful observa- 
tion of the stars that this major axis in all cases subtends at the earth an 
angle of 41'', and half this angle, or 20'' ’5, is known as the Constant oj 
Aberration^ Now the relation holds that 

tan 20" *5 - Velocity of earth in its path 
velocity of light 

For this small angle the tangent may be regarded as equal to the angle 
itself, expressed in circular measure. Hence 20" *5 = — y when »is 

the orbital velocity of the earth and v the velocity of light. The velocity 
of light, V, has been very^ accurately measured by a process invented by 
Foucault (see^ par. 55 ) which measured the time taken by light to move 
from one station to another and back, the distance between the two being 
known.^ Both stations were on the earth, and so this method is entirely 
terrestrial, depending on no celestial measurements. By this means it 
was found that the velocity of light was 186,330 miles per second. Apply- 
ing this to the case of aberration we get the velocity of the earth in its path 
from the equation 

^ 266^265^^ ^ second, nearly. 

(This velocity varies in different parts of the orbit, but the average 
velocity is easily obtained.) Then knowing that the earth takes 365*256 
days for a complete revolution in its path, and knowing the average vclo* 
city in that path, we can find the length of it by multiplying 18*5 by the 
number of seconds in a sidereal year. It is then a simple geometrical problem 
to find the average distance of the sun. Looking on the earth’s orbit as a 
circle, the problem is only to find the radius of a circle knowing the cir- 
cumference. This is done by dividing the circumference by 27r. The 
reader is left to work out the result from what has been given. In reality 
the ellipticity of the orbit is taken into account, and the average distance 
correctly estimated. By this method an average distance of 92,975,500 
miles has been found. This result agrees very closely with the distance 
deduced by Dr. Gill from his observations on the parallax of Mars. 

204. Distajicd of Sun.— Thus four methods of obtaining 
this most Important distance have been indicated. 

I. From observations on the parallax of Mars. 

II* » » „ transits of Venus. 

Ill* n )5 » >1 constant of aberration of light 

I^‘ eclipses of Jupiter^s satellites 

(par. 106). 

It should be noticed that the last two methods do not 
quire any knowledge of the size of the earth. 

. Other methods are employed, but need not be dilated on 
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here. For the present we may then take, as a near approach 
to the truth, that the average solar distance is 93,000,000 miles, 
with a possible error of less than 100,000. In older astronomies 
the sun's distance was given as 95,000,000 miles. This was 
calculated from a solar parallax of 8'' *57. It will be noticed 
that more accurate measurement has raised this value to 8'' *8 
and the reader will now understand that an increase in parallax 
involves a decrease in distance. A difference in parallax of 
one-hundredth of a second, o"*oi, corresponds to a difference in 
the sun's distance of more than 100,000 miles. 

205. Bistance of Planets from the Sun.— Having once 
accurately determined the distance from the earth to the sun 
we shall find this a convenient base-line from which to deduce 
other distances. So important is it that it is known as the 
astronomical unit From Kepler's third law, so often referred 
to, we can deduce the ratios of the distances of different planets 
from the sun when once the ratio of their periodic times is 
accurately observed. This has already been sufficiently illus- 
trated in pars* a6 and 201. A table will be found in the appendix 
giving the results as obtained for each of the planets. Of 
course the alteration in the value of the earth's distance from 
the sun just referred to has caused a corresponding alteration 
in the values given in older astronomies of the sizes of the 
other planetary orbits. 

206. Steel of the Planeti.— Harii^ obtained the distance of a planet, 
It only remains to measure, with our micrometer and telescope, the angular 
magnitude of the planet's disc, and then from the ratio, sin (J angular 

.. , radius in miles of planet 

magnitude of Pto«Q- ai.tenc« {n fr6 

the requited radim of the planet. By this method were obtained the 
diameters of the planets given in the table in par. ai. See also par. 3. 

307. Bistaaoa of the Stare. — Seeing that the parallax of the 
sun, as viewed from two stations on the earth’s surface is o:- 
cessively small, It wiU be understood that the parallax of the 
fixed stars, which are so much more distant, is still very much 
smaller. But the earth moves round the sun, and the two 
opp<Mite points in Ite orbit are distant 186,000,000 miles, let 
us then observe a star's position at <»» point in the earth’s 
orbit, and six montha later, when we we 186,000,000 miles 
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away from the first place, let us again observe the same star's 
position. It would be expected that this considerable change of 
point of observation must have caused a considerable apparent 
angular displacement of the star in the background of the 
heavens — in other words, the star should have a considerable 
parallax. As this parallax is due to the change in position of 
the earth during its yearly revolution, it is called annual paral- 
lax^ to distinguish it from the diurnal parallax explained in 
par, 197, and illustrated in fig. 141. As the earth's equatorial 
radius subtends no appreciable angle at the fixed stars at any 
altitude during any part of the day, the fixed stars have no 
diurnal parallax. Even the annual parallax for any star is so 
small as long to have escaped notice, and, for most stars, 
it is still inappreciable. Let us see what this means. No 
annual parallax is equivalent to saying that from the star 
our base-line of 186,000,000 miles must appear as a point. 
The star then must be at an infinite distance, or, at any 
rate, the parallax is so small that the star's distance is 
immensely greater than our base-line of 186,000,000 miles. 
Small as it is, nevertheless, it has been measured in certain 
cases. Direct attempts were found to be almost useless. For, 
after making all possible corrections, it was found that the 
changing seasons and temperatures affected the instruments 
too mucn to allow any reliance on their indications for such a 
minute angle. A method of differences {the differential method) 
was, however, more easily applied. Some star, suspected to be 
nearer than usual from its large proper motion or brightness 
was chosen. Most accurate measurements of its angular dis- 
tances from very faint or small stars close to it were taken 
throughout the course of the year. These small stars are 
probably at distances very much greater than that of the bright 
star. This bright or large star and its comparison stars axe all 
affected by the same errors of observation. If, then, there is 
any relative change of position^ it can only be product by the 
p^lkx of the laige star being greater than that of the com- 
parison stars. In this way measurements have been made qf 
the parallaxes of certain $tajc;s, and on the assumption that 
small cqmparispn Stars have m appreciable parallax from 
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immensely greater distance, an estimate is formed of the distance 
of the large star. We give a few of the most satisfactory results 
in a table. It is to be understood that the parallax we give in 
the table is half that spoken of above, being the amount due to 
change of observation from the earth to the sun. Therefore, 
Annual Parallax means the angle subtended at the star by a 
radius of the eartHs a distance of 93,000,000 miles, ^ince 

a second of the angle is part of a radian (par. 3), a star 
which has a parallax of i" will be at a distance 206,265 times 
this base-line of 93,000,000 miles, a base-line known as the 
astronomical unit No star has been found to have a parallax 
as much as i", so that no star is so near as the distance just 
mentioned. For any star the distance will be given by the 
formula R being the astronomical unit or the radius of 
the earth’s orbit, and f the parallax in seconds. This astro- 
nomical unit, the distance of the sun from the earth, is not 
deemed large enough to express stellar distances, and it has 
been thought better to adopt as a unit for this purpose the 
distance through which light passes in a year, which is about 
63,000 times greater than the ordinary astronomical unit. 
L/ght-vear is the term used to designate the unit of stellar 
distances, and it expresses the distance through which light 
travels in one year. A parallax of i" corresponds to a distance 
of 3*262 light-years, so that for any star its distance in light- 
years will be given by the formula 

SUilar Parallaxss <md Distmcis. 


Kftm« of Star 

Magnitude 

Annual 

Parallax 

Dlstasca in 
Astronomical 
Units 

Uistancoin 

Light-Vaars 

« CenUuH « « 

6 x CygnI . « 

Siritti « • • 

Uc«IU« 9»35 s * 

3 UUu 34 « 21,258 « 
O^Eddani . * 

m Inm (Vega) * 

0 (JmlopA 

IFeisiMK * ' * 

I 

mi 

o "'44 

o'' *29 
o"*26 I 

0^*089 

0 ^'*O 7 

275,000 

469,000 

S 43 iOOO 

7n,ooo 

m>ooo 

1.086.000 

1.289.000 

X, 28^000 I 

1,875,900 

4-3S 

8'SS 

11*34 

ia*SO 

l 7 -t 

20*4 

30*4 

* 9*6 

36*3 

46*6 

65*3 1 
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It must be understood that the errors in the above may be considerable, 
though some of the values are probably^ close approximations to the 
truth. We see that the nearest fixed star is so remote that it takes light 
more than four years to reach us, and if the star were suddenly extinguished 
we should continue to receive its light for four years more. This corre- 
sponds to a distance of about 275,000 times the astronomical unit (or the 
earth’s distance from the sun)— nearly 25,000,000,000,000 miles ; wnilst it 
has been conjectured that some of the more distant stars are so far off 
that -their light takes centuries or even thousands of years to reach us, and 
a stilWbolder speculation suggests that the light from some stars has not 
yet reached us. 

The parallactic orbit of a star when sensible is similar in form to its 
aberrational orbit, but of much less extent. The aberrational orbit 
is of the same size for every star, its semi-major axis always being 20'^^ *5 
(Nyren’s value is 20" *492) ; while the parallactic orbit varies in size 
with the distance of the star, and its semi-major axis is in all cases less 
than i". Moreover, the displacement due to aberration is always in 
the direction of the tangent to the earth’s orbit (this direction of the 
earth’s motion in its orbit is called the eartNs way ) ; while the dis- 
placement due to parallax slightly shifts the star towards the sun. In 
other words, the star is always 90® in front of the earth in its aber- 
rational orbit, but always opposite to the earth in its parallactic orbit. 

It will occur to the reader that the displacements of a star due to 
aberration and parallax are convincing proofs of the earth’s revolution m 
an orbit round the sun (see also *Elem. Phys,,’ par. 305). 

208. Proper Motion of the Stars. — We have hitherto spoken 
of the stars as fixed, because, as compared with the sun, moon, 
and planets, they keep their relative positions unchanged. 
Their apparent daily path in the sky, due to the rotation of the 
earth, and the progressive changes in the position of the stars 
at the same hour of the night due to the earth*s revolution 
round the sun, cause no change in their relative positions nor 
in the shape of the constellations ; while the small apparent 
changes of position, due to precession and nutation, have been 
shown to be caused by alterations in the directions of the 
earth^s axis (par. 180). Aberration also causes a motion, but 
only an apparent one (par. 203). But, apart from these common 
and apparent motions, some stars have a real or proper motion, 
which slightly displaces them with reference to the stars near 
them. This is not a periodical motion, such as could be pro- 
duced by annual parallax^ but a small progressive motion acroiw 
the line of sight from year to year^—an angular displacement 
which produces a change of the point at which a star is seen 
on the celestial sphere when observations are made at wide 
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intervals of time. As a result of this proper motion, there is a 
slow but constant change in the figure of some of the constel- 
lations ; a change, however, which requires, in most cases, a 
thousand or more years to become visible to the naked eye. 
The annual angular amount of this telescopic proper motion for 
several stars is annexed. 


1,830 Groombridge, 7" *05 
9,352 Lacaille, 6" *96 

61 Cygni 5''*2 

21,258 Lalande, 4" '4 


O® Eridani, 4'''i ^ 
« Centauri, 3'' 7 
Arcturus, 2” *2 

Sirius I ''*2 


Knowing the distance of a star, the annual proper motion in arc can be 
converted into linear measure. Thus it has been found that Arcturus is 
moving at some 54 miles a second, and the star Groombridge 1,830 at the 
enormous rate of 200 miles a second. It is reasonable to assume that the 
brighter stars are, as a class^ nearer, and as a consequence they show, on the 
average^ the greatest proper motion. But this is only true generally, for 
several fainter stars show a greater proper motion than any bright ones, and 
the table in par. 207 shows, for the few results there given, that stellar bright- 
ness has nothing to do with remoteness in individual cases. 


209. Motion of Stars in the Line of Sight. — Besides the 
proper motion of stars, which causes the displacement sideways 
when referred to near stars, it has been found that some stars 
show a motion to or from the earth along the line of sight This 
has been proved by means of the spectroscope. According to 
Doppler's principle, already explained, the lines in the spectrum 
of a star approaching the earth will be displaced towards the 
blue, while in one receding the displacement will be effected 
towards the red. Such displacement of the Hy line of hydrogen 
has been observed in several cases. The stellar spectra are com- 
pared with those of hydrogen or sodium, either by direct eye- 
observations of the two spectra simultaneously, or by photo- 
graphing both spectra on the same plate and measuring the 
dispkeement afterwards. As a result of such spectroscopic 
measurements it was found on one occasion that Arcturus and a 
Lyrse were approaching us at the rate of about fifty miles a second, 
while Sirius and a Orionis arc receding from us at the rate of 
about twenty miles a second' Further, five of the stars in the 


* Ai fuit exampls of a meftsuremont of motion b the Ibe of sight, it 
may bt stated tlmt b one observation of Sirius the 9 *-line of hydrogen 
Was sbified towards the red, that Is, increased b wave-length by 0*10$ 
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constellation of the Great Bear or Plough are found to be moving 
in the same direction, while two of the stars — the brightest of 

the pointers and the star at the 
end of the handle — are moving 
in an almost opposite direction. 
$peatrumofBW Other groups of stars appear to 

® Community of motion dif- 
ferent from those around them. 
That some stars really are in actual movement relative 
to others is now clear, and that these movements are of two 
kinds has just been shown. The angular displacement of a 
star with reference to a neighbouring star, or the real proper 
motion of the star, is ascertained by micrometer measurements 





0 


Fiq. X473.*~lllustrat!ng ml proper motion, $m itar a moves 
to if and is displaced on celestial sphere from motion in the 

line of sight, as when star c recedes to 4 or approaches to tt without 
angular displacement ; both Idnds of motion, when star « moves to /, 
or tfice versA* 

with tlie telescope. The other kind of real motion to or ftoto 
the earth in the line of sight is found by measuring the dis- 
placements of spectial lines, and applying Doppler's prin ciple. 
It is also easy to sec that a star may combine both kinds of 
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movement, so that there are two components of its motion, 
one perpendicular to the line of sight and giving a certain 
amount of angular displacement, and one in the line of sight, 
giving spectral displacement (see figs. -147^ and 147^). 

210. Causes of Proper Motion. — ^The proper motions of 
the stars above described consist partly of a real independent 
motion of their own through space, but there is also an ap- 
parent motion caused by a motion of the whole solar system 
through space. The sun, itself a star, is found to have a 
proper motion, moving with his retinue of planets, including 
the earth, towards a point called the afex of the sutHs way, 
in the constellation Hercules. This is shown by the fact that 
the stars in the part of the heavens towards which the sun is 
moving appear on the whole to be opening out or separating 
from each other, while in the opposite part of the sky they seem 
to be dosing up. Such an effect would be observed were the 
reader to walk along a road with rows of trees planted on each 
side. 


211. Summary of Oorrootlona. — We may here repeat all the correc- 
tions that are necessary to be made in astronomical observations after 
the instrumental and clock errors have been carefully obviated or allowed 
for. 


r. Kefraction . 

2. Diurnal or Geo- 

centric Parallax 

3. Aberration . . 

4. Precession . 

5. Nutation 


period i day 


f Depend on the place 
\ of observation. 


period x year 
period 25,800 years 
period 19 years . 


Depend on the time 
of observation, the 
positions of the sun 
and of the moon^s 
nodes. 


millionth of a millimetre. Now, the velocity with which two bodies move 
away from each other bears the same proportion to the velocity of light 
that the observed difference of wave-lengtn bears to the particular ray 
the wave-length of f is 486 millionths of a millimetre (par. 72). 

Hence 

486 : o’lop ; : 186,330 ; » 417 

that is, there was at this time a motiem of recession between Sirius and the 
l^th of 4Z*7 miles per second. 


n. 


R 
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CHAPTER XIIL 

GRAVITATION AND CELESTIAL MASSES. 

212. Explanation of Terms. — Before entering on this sub- 
ject it will be necessary to bring forward and amplify some of 
our elementary definitions, and show how they are applied for 
astronomical purposes. 

The velocity of a body is the rate of change of its position, 
and is measured by the space the body passes over in some 
fixed time. 

Uniform velocity. — A body is said to possess uniform 
velocity when the successive spaces passed over in equal 
intervals of time are equal, however small the intervals of 
time may be. Jk 

A unit velocity is the velocity a body possesses mxtn it 
passes over unit space in unit time (say a velocity of one foot 
per second, or one c.m. per second, according to the standard 
of measurement). 

Acceleration is the rate of change of velocity, and is 
measured by the amount of velocity added in some fixed time. 

Uniform acceleration.---K body is said to possess a uniform 
acceleration when the successive increments of velocity added 
in equal intervals of time are equal (however small those inter- 
vals of time may be). 

Unit acceleration is the acceleration a body possesses when 
it gains unit velocity in unit time (say, gains a velocity of one 
foot per second, or one cm. per second, according to our 
standard of measurement), 

The term mass has been defined in the * Elementary 
Physiography ^ as being the quantity of matter contaiiied In a 
body. This definition must now be supplemented by taking 
into consideration the effect of forces on different masses. 

' Force we have defined to be any cause which changes, or 
^ds to change, a body^s state of rest or motion. If a 
^ch we may call unit Ibrcse, act on some bo<fy ^ 

tmi and which contains unit masi^ for the space of one 
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ot time, it will impart to it a velocity which we call unit velocity, 
If our unit force continue to act on the unit mass for another 
second, it will add to its already acquired unit velocity another 
unit velocity; leaving it at the end of the two seconds with 
two units of velocity. Similarly, if the force acted for a third 
second it would leave the body at the end of three seconds 
with three units of velocity, and so on. The force during each 
second that it acts adds unit velocity to the body. In fact, 
one unit force acting on unit mass produces unit acceleration. 
Then, of course, two unit forces acting on two unit masses 
side by side, as it were, would also produce on each or on the 
two together unit acceleration. We may now see that two unit 
forces acting on one unit mass would produce two units of 
acceleration, three unit forces produce three units of accelera- 
tion, and so on. 

Ordain, one unit force acting on two unit masses would 
produOT only ^ of a unit of acceleration, one unit force on three 
unit masses produces ^ of unit acceleration, and so on. 

We now see the connection between force, mass, and acceleration. 
Thus, applying the above numerical examples, we have : 

(Unit force) gives in (unit mass) (unit acceleration) 

(2 units „ ) », (2 units mass) (unit „ ) 

(2 units y, ) „ (unit mass) (2 units „ ) 

(3 units „ ) „ (3 units mass) (unit „ ) 

(3 units „ ) „ (unit mass) {i units „ ) 

(unit „ } ,y (3 units mass) unit „ ) 

In fajt the law is s 

Fmi varies as ths pradmt of ihs mass inio acesUratim^ and this at once 
gives US a fuller appreciation of the meaning of the term ma^ and 
estimating dlierent masses $ for if the same force act on two diiferent masses 
It will produce different accelerations, and the ratio of the acceleration is 
the Inverse ratio of the misses. Or, again, if the accelerations produced 
on the two masses be equal, then the ratio of the masses is the direct ratb 
of the forc^ acting on them. The latter ease occurs to us at once in con- 
nection wiUj bodieson the sur&ce of the earth. AH txwlies let fall towards 
the earth fall with appredably the same acceleration. Thereto Mr* 
massai must ^ propomonal to the toes which mahe them ML Th<^ 
toes we call theirweig^ts. Hexum we can saythat on the earth’s tome 
the mats is fraporHond to ^ 

$t$. aci twt a body has wal^ on the 

eacth’S sw&oe I, aasMoied hf ^ tjbe mib has an 
attssetioa for foe id mm$»'^'Omn'Oeintxe, 
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But this is only a particular case of a universal attraction 
which every body has for every other body in the universe. 

Newton wrote his great work the * Principia ’ to show that 
Kepler's laws of planetary motion could all be explained on the 
assumption that there was an attraction between the sun and 
the planet which varied directly as the product of the mass of 
sun and planet, and inversely as the square of the distance 
between them. But this was still not the complete truth, for 
he applied it to the case of falling bodies on the earth's surface, 
and to the retention of the moon in its orbit round the earth, 
and, in fact, he formulated his theory of Universal Gravitation 
‘that every particle of matter in the universe attracts every 
other particle, with a force whose direction is that of the line 
joining the two, and whose magnitude is directly as the product 
of their masses, and inversely as the square of their distances 
from each other.’ 

This theory receives such enormous authority from its 
power of explaining every known motion of celestial bodies, 
which can be observed with the utmost refinements of astro- 
nomical instruments, as to be commonly called the Law of 
Gravitation, and it is the application of this Law of Gravitation 
which enables us to calculate the masses of celestial bodies, or 
rather the ratio of their masses to that of the earth. 

Let us see how this I^w of Gravitation will help us. 

214. Mass of the Sun. — If we could place a body at the 
same distance in succession from the sun and earth it would be 
attracted towards each with forces directly proportional to their 
masses. Or, if it fell towards each, it would fall with accelem- 
tions proportional to the masses of sun and earth. This 
acceleration could be measured by the space fellen through 
in the first second, and, if the above experiment were 
carried out, the body would fall towards the sun in one second 
through a space about 330,000 times greater than it would 
towards the earth, showing the sun’s mass to be 330,000 times 
greater than that of the earth. But we cannot carry out the 
above experiment ; nor is it necessary that we should, for two 
reasons. First, we need not place the body at equal distances 
from the sun and earth, but make allowance for variatkm to 
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distances by the law of inverse squares. Secondly, we need 
not even employ the same body in the two cases, for the 
acceleration will be always the same, the larger mass being 
acted on by just as much larger a force. Just as in the case of 
bodies at the surface of the earth ; whatever their masses or 
weights, they all fall with exactly equal accelerations (at the 
same place). Bearing in mind the two points above explained, 
we are now in a position to estimate the ratio of the masses of 
sun and earth. 

But where are our two falling bodies ? They are the moon and earth. 
The moon continually falls towards the earth because of the Iatter*s attrac- 
tion, and the earth towards the sun because of the sun’s attraction. A 
diagram will make this clear. The moon’s orbit may be fairly correctly 
represented by the circle M Q T N, round e, the earth, at the centre of the 
circle. 

M is the position of the moon at any time, moving in the direction M p. 
If no force acted, it would move in a straight line M p, and M P is supposed to 

represent the small distance it would 
pass over in one second. But the 
earth compels it to move along M Q, 
the arc of the circle which it describes 
in one second, pq being practically 
parallel to M E j so that the earth, as 
It were, has made the moon, in one 
second, fall through the distance pq, 
away from the path it would have 
pursued if not attracted towards the 
earth. It is in this sense that we say 
the moon falls towards the earth, 
though not necessarily getting nearer. 

The straight line p Q is produced 
to cut the circle in T, and Q r is drawn 
parallel to M P. 

Then, by Euclid III. 36, since P M 
is a tangent, and p Q t a chord of the 
Fia 148. circle, . % P m*» P Q, p t. 

For all practical purposes the arc 
M Q is so small compared to the whole circumference, that we can assume 
the tangent p m » the arc M Q, and the chord p T «« the diameter u N. 

Then we have (mq)*««pq» m n, or ■«mr. mn. . , , . 

M Q we know, for It Is the distance traversed by the moon m its orbit 
during one second* 

The whole path M Q TKM« 3 ‘l 43 tS 9 x twice moon’s distance from 
earth » 1,508,000 miles nearly. 

The time required to travel this distance « ay *32 days, distance 
travelled in one second is about 3343* feet; mk is the diameter of 

the mooa*s • 480^000^ *760 3 feet nearly, /* pq « 
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-K — feet « *053 inches, and M R « P Q = *053 inch. 

480, OCX) X 1760 X 3 

That is, the moon in each second falls towards the earth through a 
distance of about *053 inch. 

In exactly the same manner we calculate that the earth in each second 
falls towards the sun through a distance of about •115 inch. 

But the sun is 386 times farther off than the moon ; applying then the 
law of inverse squares we have : — sun*s mass : earth’s mass 

_ earth’s fall towards sun . moon’s fall towards earth 

„ *115 . 

“ “T • (386)* 

« 323,000 : 1 

Thus the sun’s mass is about 323, ocx) times greater than that of the 
earth. 

215. Mass of Planets with Satellites.— -The method just 
explained may be used to find the mass of any planet with a 
satellite, or rather its ratio to the mass of the sun and thence 
to the mass of the earth. The ratio can be put in the simple 
form 

(m + ni ) : {m -f m^) = {f)\ 

where a stands for the semi-axis major of the planet^s orbit 
round the sun, and t for its periodic time, and a! and the 
same quantities for the satellite's orbit round the planet m is 
the mass of the sun, m of the planet, and of the satellite \ 
and these two last may be found from the equation when the 
values of the others are known. 

(It may be noticed that the above formula is a modification of Kepler’s 
Third Law corrected by taking into account the masses of the attracting 
bodies. The amended law is thus expressed by Clerk Maxwell in * Matter 
and Motion ’ ; ‘ The cubes of the mean distances are as the squares of the 
times multiplied into the sum of the masses of the sun and the planet*) 

Jupifet^s mass . — By this method, taking an average from 
the results deduced from each of the four moons of Jupiter, 
its mass has been found to be xhr that of the sun, or 
310 times that of the earth. 

Saturn^s mass has been obtained from observations on its 
two largest satellites, with the result that it is that of the 
mUf or 93 times that of the earth. ' 

. Uranu^ mass deduced &<m its four satellites is 
of sun, or 14 times that of the earth. 
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Neptune^ s mass, deduced from its only satellite, is 
of the sun, or 17 times that of the earth. 

Mars* mass was uncertain until the recent discovery of its 
two small satellites, when observations of them gave us the 
planet's mass as that of the sun, or that of the 

earth, 

216. Masses of Planets without Satellites,-— For the two 
planets Venus and Mercury another and less accurate method 
has to be employed. This depends on somewhat elaborate 
calculations of the effect of one planet by its attraction causing 
perturbations or slight changes in the path of another. The 
perturbations will depend on the mass and nearness of the 
disturbing body, so that in the case of Mercury the perturbations 
will be caused mainly by Venus and the Earth, whilst those of 
Venus will be caused mainly by the Earth and Mercury. A 
true path for Mercury round the sun without perturbations is 
calculated. Its real path is carefully observed. The differences 
give an indication of the perturbing effects of Venus and the 
earth. In a similar way the differences in the real and true 
paths of Venus indicate the perturbing effects of the earth and 
Mercury* 

So that finally a series of equations can be got from which 
are deduced the masses of Venus and Mercury as compared to 
the sun or earth, Venus is found to have a mass and Mercury 

that of the earth ; though the last is so difficult to determine 
that a more recent and probably more accurate method makes 
it as much as 

axy. Other Hethedi spedally appHcahle to Jt^iter.-^Jupiter Ixius so 
huge a moM, more tlum twice the sum of the masses of aU the other 
plimeti, dmt it makes itself felt notably in the solar system. FartMatk 
!i this the case with any comets whi& perchance come near it 
eccentric orbits. Its attraction in this case is so powerM as 
chaste the character of their orbits. For example, the cornel 
approaching near was made to give tip its long-p«;iod orMt 

a &ort*pen^ one m ^yeara But it was not agam seen ha in 

1770 it was mpoved to have got quim close to Jupit^ mixatf up with its 
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his mass. The same applies to Saturn’s perturbations by Jupiter, but 
not so accurately, because of the long period of time necessary for full 
observation ; and, as an indication of the accuracy of observations, it may be 
stated that dl these methods lead to practically the same mass for Jupiter, 

For convenience we repeat the masses of the planets as given by 
M. Tisserand, the mass of the earth being the unit. 

Mercury ^ ^ Jupiter 3 1 o 

Venus I Saturn 93 

Earth i Uranus 14 

Mars ^ Neptune 17 

If we take the weight of the earth as 6,000,000,000,000,000,000,000 
tons, the weights of the planets can easily be calculated. The density of a 
planet compared to that of the earth is determined by dividing its mass by 
its volume. 

218. Masses of Satellites. — ^The mass of tlie Moon can be 
determined by three or four methods, but, strange to say, not so 
accurately as in the case of some of the planets, though it is 
so much nearer. We shall describe one of these methods. 
Though we say that it is the earth which revolves in an orbit 
round the sun, it is really the common centre of gravity of the 
earth and moon that so revolves. This is at such a short 
distance from the centre of the earth that but little error is 
usually introduced. However, that little error is now of impor* 
tance for our present investigation. The moon and the earth 
revolve monthly round their common centre of gravity, which 
centre moves round the sun ; consequently the earth is some- 
times in advance of its mean place in longitude by the radius 
of this small monthly orbit, and sometimes as much behind 
the mean place. At new and full moon, when the earth, moon, 
their common centre of gravity, and the sun, are all near the 
same straight line, the earth occupies its mean position* At 
the two quadratures of the moon, the line joining the earth and 
moon is at right angles to the line joining the earth and sun. 
Hence at quadratures the earth is farthest from its mean posi- 
tion. But we do not recognise these displacements of the 
earth in lon^tude, except by the apparent motion the sun 
dn the ecliptic, which is correspondingly affected. We ait then 
to look out for an inequality in the sun's motion in the ecliptic 
which shall be greatest during the quadratures of the moon 
and be zero at new and full moon. This inequality has been 
found and its maximum measured with results which give at t 
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mean 6" -3, Assuming a mean equatorial horizontal solai 
parallax of 8"*8, we find that the earth’s centre is distant from 
the centre of gravity of earth and moon by an amount which is 

of the earth’s equatorial radius, i.e. about 2,830 miles. This 
distance is about the distance from the earth to the 

moon. Therefore 

Moon’s mass : earth’s mass=i : 81 

I'he moon’s mass is, then, about •ffT that of the earth. 

The Satellites of Jupiter and of Saturn have had their masses 
calculated from their mutual perturbations on one another. 

219. Masses of some Stars. — Certain stars have companions, and the 
two revolve round their common centre of gravity. But to simplify the 
problem of their motion the smaller is considered as revolving round the 
principal member of the pair, whose mass is considered as increased by the 
mass of the satellite, which latter is given an orbit the mean of the two 
orbits. The fall of the secon<kry star to its primary star in one second is 
reckoned and compared with what it would be at the earth’s distance from 
the sun. Then the ratio of the sum of the masses of the two stars to that 
of the sun is the ratio of the two falls. This, of course, necessitates a 
knowledge of the star’s distance. For example, the double star o Centauri 
is found to have the .sum of its masses 1 *8 times, and 7 Cassiopeiae about 8*3 
times that of the sun. The case of Sirius was interesting because, from 
its irregular motion, a mass and orbit for an unknown companion were 
calculated, and these were found to agree fairly with those afterwards really 
observed on the telescopic discovery of the small companion. 


CHAPTER XIV. 

STARS AND NEBULA. 

^20. Wb have already spoken of the number and magnitude 
of the stars, the term ‘magnitude' referring simply to their 
brightness. Each descent in stellar magnitude represents a 
falling off in light in the proportion of 2\ to i. For the sake 
of great exactness the brightness of a star is often expressed to 
the nearest tenth of a magnitude by means of decimals. Thus 
we have stars with a magnitude of 2*5, 2*6, and $0 on. As we 
have seen, the nearest fixed star, so far as astronomers have yet 
ascertained, is about 275,000 times more distant from us than 
the sun. from this star-— a Centauri— the sun would 
only be about as bf%bl as the pole star, while the earth and the 
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other planets of the solar system would be entirely invisible in 
the most powerful telescope yet constructed. Further evidence 
that the solar system is a mere isolated group in space is fur- 
nished by the almost undisturbed motions of the outmost planets 
Uranus and Neptune ; for any large body like the sun within a 
thousand times the radius of the earth’s annual orbit would 
manifest its presence by perturbations of these planets, 

221. Nature of Stars. — Many of the stars are in reality 
suns — that is, bodies comparable in size and physical condition 
to our sun, which, as we have seen, is in all probability a mass 
of intensely heated incandescent vapour sheathed in photo- 
spheric clouds. Some of the stars, as shown by their spectra, 
are far hotter than our sun ; others have become cooler. 
According to Professor Lockyer, another part of the vast 
number of stars are not yet constituted like the sun, but are 
simply collections of meteorites, the particles of which are at a 
greater or less distance apart. Indeed, Professor Lockyer re- 
gards all the luminous bodies in the universe as consisting of 
swarms of meteorites, or masses of meteoric vapour in various 
stages of condensation, their luminosity being due to the heat 
produced by collisions and condensation in the swarms. 
Beginning with the nebulae, which he believes to consist of 
meteoric dust-particles widely separated, a clashing among the 
particles, or condensation produced by gravitation, results in an 
increase of heat and brightness as the swarm condenses and the 
number of collisions increases. 

We thus arrive at what he terms the first group of * stars,* really systems 
of meteorites somewhat hotter and closer than those in nebulae and forming 
but one group with these cloud-like patches. In this group comets are 
also included, as they are supposed to he patches of meteoric nebulssdrawn 
into the solar system. As a swarm ^oes on condensing the number of 
collisions increases, the temperature rises and more light is radiated, and 
we get another group of ‘stars,* A continual fall of meteoric matter 
towards the condensing centre eventually reduces the meteorites to a mass 
of vapour, and a true star is produced. The hottest stage of this vapour is 
represented by such stars as Sirius and « Lyrse. After mis the loss & heat 
by radiation exceeds that produced by the fall of meteoric material and tte 
condensation of the gi^eous mass, and cooling sets in. Stars near IM; 
Stage of cooling consist of a densely gaseous, liquid, or solid nucstes 
rounded by an atmosphere of absorbing vapours, the compoddtkm of 
vmte with the degree of coolixw. Amongst such cod 1% stars wiKi$ he 
|daoed the sun, Capella, and PoUux. . t 
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A later stage of cooling is represented by certain st^s of a deep red 
colour. In these the central mass of meteoric vapour is probably so far 
condensed as to become liquid, and the body is surrounded by an absorbing 
atmosphere largely composed of carbon vapour. Finally, the body so far 
decreases in temperature as to be no longer self-luminous. To illustrate 
this classification of the heavenly bodies, which is really based on differ- 
ences produced by changes of temperature as indicated by the various 
spectra, Professor Lockyer gives a temperature curve somewhat like the 
following to illustrate these changes in a graphic form. 

Starting with groups of very sparse meteorites, we have in group I. 
nebulge and ‘ stars ’ -with bright lines indicating radiation at low tempera- 
tures. As we ascend the left-hand side of the curve, we come to group II. 
consisting of ‘ stars ’ where the meteorites are closer together than in the 
preceding, and where they are surrounded by vapours driven off by the 
increasing number of collisions. Their spectra are said to indicate the 
radiation of carbon vapour and the absorption of magnesium, manganese, 
lead, and iron. Many of the bodies called variable stars belong to this 
class, as do also the so-called new stars. 



Increase of heat through increase of condensation and collisions now 
brings us to group IIL, where the meteorites have been reduced to vapour 
and the spectrum shows line-absorption of various metals. At the top of 
the curve wc have the vapour in its hottest condition, and the spectrum 
shows the line-absorption of hydmgen. The bodies in this group IV. are 
coherent globes of gas at a far hi^er temperature than our sun. As vfe 
descend the right-wind side of the curve each step represents a dedinew 
heat* Some distance down the curve we have group V. , a class 
in which the meteoric vapour is cooling and the spectrum a£ 
marked by numerous fine absorption-lines like those in the solar 
The substances existing in the atmt»phere of these stars are nearhj' the 
as those existing in meteorites, for a mixture of meteorites volat&edm ^ 
dectric arcfomShesaspectrnm ofbright lines corresponding dmoat^Srfoc^y 
with’thedark lines of tiiw solar spectrum. Group VI. is form^ M stw 
have cooled further, mA #e of whi<fo indict m 

|;tincepherecf<M^^ A^r^a^^^gr^ WI. 

sad the 'phmets,^' ^;^n, and the 
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The various groups above indicated are not to be supposed to be 
sharply marked ofif from one another. There is a gradual passage of one 
class into the other, group IL, for example, having been divided into 
fifteen species. 

222. Stellar Spectra.—Spectrum analysis reveals to us the vapours in 
the atmospheres of the various stars, and it is evident that the composition 
of a stellar atmosphere will depend upon the elements constituting the star, 
and uj3on the temperature of the mass within the atmosphere. The physical 
condition of this atmosphere may also be fairly well deduced from the 
indications of its spectrum. There appears to be little doubt that the 
substances composing the heavenly bodies are the same, the differences in 
stellar spectra being merely due to differences in the < age * of each body ; 
that is, to difference of temperature. Secchi divided the spectra of the 
stars into four classes or types. The first type includes the white and 
bluish -white stars like Sirius, Vega, Regulus, Rigel, &c. The spectrum 
of these stars is composed of all colours, and is sometimes crossed by a 
number of fine dark faint lines, but always by four strong dark lines, one in 
the red, one in the greenish-blue, and two in the violet. All these four lines 
are due to hydrogen, for they are in exact correspondence with the four 
bright lines seen in the spectrum of hydrogen examined by means of a 



Fig. ISO.— Spectrum of Siriui. 

Geissler or Pliicker’s tube. In the brightest stars of this class, a faint lin^. 
appears to coincide with the sodium line D, and one or two faint lines belong 
to iron and magnesium. 

Secchi’s second type of stars includes most of the yellow staw like 
Capella, Pollux, a Bootis, &c. Their spectrum is substantially the same as 
that of the sun, and this leads to the conclusion that their atmospheres are 
very similar to that of the sun in chemical and physical constitution. In 
some cases, the lines of stars of this type are very fine, but in cases the 
lines are most strongly marked towards the blue end of the spectrum. 

The third type includes most of the red and variable stars, and Is 
characterised by dark bands as well as lines. Fig. tKt shows the spectra 
of the stars a Orionis and a Herculis, as examples of this class. 

These bands, probably due to metallic fluting absorption, often appear 
like a row of columns illuminated from the side, and they are shaiply denned 
and darkest towards the violet or more refrangible portion of the spectrum, 
and fade away towards the red. The fourth type consists of a small number 
of faint stars having a spectrum of dark carbon bamis shaded In the 
irite direction and terminath^ abruptly towards the red, and Mfag tmm 
toywds the violet. A spectrum of the fourth type, No. IV* in w 

furnished by a sixth -magnitude stmr, 1:52, Schjellerup*s Catalogue. 
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A remarl?able exception to Secchi’s four types is furnished by a few 
stars which furnish a direct spectrum of hydrogen. The most remarkable 
of this fifth type is y Cassiopeise, which furnishes the bright line Ha (red) 
and hj3 (greenish-blue) in the place of the dark hydrogen lines c and f, 
besides sometimes showing the line Dg of the new gas, heiitm. This 
wonderful line is never seen apart from the bright lines of ignited hydrogen, 
and has only been certainly detected in a few stars, in the hottest region of 
the sun, and in some nebulse. A few stars show bright lines which are not 
those of hydrogen. The classification of Secchi takes no account of whether 
stars at the same mean temperature are becoming hotter or cooler, and 
is certainly, so far, not so instructive as Lockyer’s, set forth in the previous 
paragraph. Thus, part of Secchi’s Type II, will be on the ascending side 
of the temperature-curve, and the other part on the descending side, whilst 
most of those in the first type will be at the top of the curve. Lockyer^s 
classification of stellar spectra is set forth in the following table * : — 


Group I. 


Group 11 . 


Nebulse and ‘stars* formed of separate 
meteorites, the spectra of which show 
bright radiation lines and flutings. 


Examples, 
Lyrse and 
7 Cassiopeioe. 
Comets at low 
temperature 


' ‘ Stars ’ showing radiation of carbon vapoury 
from the interspaces between the meteor- 
ites and metallic absorption due to vapours 
of magnesium, manganese, iron, lead, sur- 
. rounding the incandescent meteorites. * 


a Orionis and 
0 Ceti (Mira). 
Comets at high 
temperature 


Group III. 


Group IV. 


' Truestars of increasing temperature with line ] a Tauri, 

• absorption predominant, the meteorites f/ 80 phmchi, and 
. having all been turned into vapour. jaCygni 

The hottest stars with spectra characterised 
. by thick strong absorption-lines of hy- a Lyrse (Vega) 
drogen, while the metallic lines are thin ' and Sirius 
and faint. 


Group V. 


f Stars whose temperature is decreasing, and 
•I whose spectra show numerous fine ab- 
( sorption lines. 


Sun, 

Capella, and 
Pollux 


Group VI. 


Stars of a deep red tint, of lower temperature 
than the preceding, the vapour product 
from the meteorites having become - 
greatly condensed— carbon absorption 
predominant. 4 


15a Schjellerup 
h Pickering 


223* Variable Staxsi.<-— Some stars undergo a change of hrighUieii, the 
variation being usually regular and periodic. The variatitm H measured 
by (hflferent magnitudes of the stars at different and the period of 
variability is the time that elapses between two successive liwdmtim m$g* 
Many variables beltw to Group IT, and show the hry^t Um 
of hydrogen at maximum. Among variable stars the foEovringiwe well 
known j— ^ 

, , ^ 


* See noth, page 35^4, 
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Name 

Epoch x8So 

Range of 
Variation 

Period 

R. A. 

Decl. 

V Argus 

K Cygni 

R Leonis 

0 Ceti (Mira) 

R Lyras 
$ Lyrae 

$ Persei (Algol) 
UCephei 

U Ophiuchi 

10 h. 24 m. 25 s. 
19 h. 33 ni. 36 s. 
9h. 41m. 6 s. 

2 h. 13 m. zSs. 
18 h. 51 m. 41 s. 
18 h. 45 m. 39 s. 

3 h. 0 m. 22 s. 

0 h. 52 m. 35 s. 

lyh. 10 m. 29 s. 

-S9°3'-I 

+49®SS'-8 
+ 11® 59' -2 
-3“ 3i'’3 
+ 43'’47'-S 
+ 33“ IS' 

+ 40® 29' *6 

•1 8i® I3'-S 

+ 1° 20'*6 

I to 7 

8 to 13 

5 to 9 

I or 2 to 10 
4*3 to 4*6 
3^4 to 4*5 
2*2 to 37 

7 to 9 

6 to 6' *8 

About 

70 years 

425 days 
3J2i days 
33ii days 
46 days 

12 d. 22 h. 

days 

2J days 

20J hours 1 


The first star on the list, 7? Argus, appears to be a variable of long 
period. In 1800, it was of the sixth mc^itude. It then increased some- 
what irregularly till it was nearly as bright as Sirius in 1843. Since then 
it has decreased more rapidly than it rose, and in 1870 was again of the sixth 
magnitude. Like some other variable stars, it is situated in the midst ctf a' 
nebula, and appears to some extent to share in the fluctuations of this body. 


5 

S 

a 

as 

-2 

■Its 

^2 

t!' 

*Hi 

c 

? JPert'od 11 months 

(Mira) f v 

v_7V_/ 


srenei A r 

(Algal) \ / F-a^aaya 

Fro. i^6^tttrVouug). 


The star a CetimMha is one of the most interesting, and ttje 
from a time of gmlelt bd^tness to another maximum ^ 

elevmai monthi. For ahont two^thirds of this time it is a Mo# 

the ninth mag^de t bnt ohoe In t»e pmMl its hri^btess rap^ 
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$ Lyne which shows two maxima in its short period of thirteen days, as re* 
presented in the figure. Another class is represented by ^ Persei (Algol). 
Its period is exactly 2d. 20 h. 48m. 55s. During most of the time it 
shines as a star of the second magnitude, but at the time of change it 
rapidly falls to the fourth magnitude, remains in this state about twenty 
minutes, and then in about 3^ hours recovers its original condition. Its 
light-curve is the opposite of“ the Mira type. U Cephei is of the Algol 
type, all its light-changes taking place in about six hours. More than 200 
variable stars are given in the catalogue of Mr. Chandler, and the same 
writer has pointed out certain general relations that appear important. 
Leaving out the variables of the Algol type, he divides these stars into 
two clSses, those of short period (less than ninety days), and those of 
long period (more than 120 days.) A curious connection between colour and 
length of period exists, * the redder the tint, the longer the jjeriod.* Again, 
the range of variability, speaking generally, increases with the period. 
Lastly, the light-curve appears to be of a different shape in the two classes. 

224. New or Temporary Stars. — Eleven well-authenticated cases of 
new stars or noitas are recorded. These temporary stars appeared for a 
few weeks or months, blazing up quite suddenly and then slowly passing 
away. They are possibly variables of very long periods and of an extreme 
type. A famous new star was noticed by Tycho Brahe in November 
1572, when it was as bright as Jupiter. It soon became so bright as to 
be visible by day, and then afterwards disappeared, and has not since 
been seen. Whether it still exists among the small stars in the constella- 
tion Cassiopeia, where Tycho observed it, cannot now be determined. A 
remarkable new star, T Coronse Borealis, was seen in 1 866. From a ninth- 
magnitude star it suddenly blazed out, between May 10 and 12, as a star of 
the second magnitude. On the 14th it had fallen to the third magnitude, 
and at the end of six weeks it had returned to its original faintness. A 
similarly sudden appearance took place in the constellation Cygnus in 1876, 
where no star had been previously recorded. The new star rose to the 
second magnitude in a few hours, remained at its maximum for about two 
days, and became invisible at the end of a month. It can still be seen as a 
faint star in a powerful telescope. At its maximum its spectrum was nearly 
continuous, and showed bright lines of hydrogen and bands of other un- 
known substances, but the continuous spectrum slowly faded away, and a 
simple spectrum at bright lines like a nebula was last noticed. Lastly, a 
most remarkable temporary star appeared in the nidst of the great nebula 
in Andromeda in August 1885. It came out suddenly, reached the sev^tb 
magnitude, and passed out of the reach of every telescope in about rixmonths.* 

225. Causes of Variability.— Various explanations have been given 
of the periodic changes in the brightness of stars, but it is evident that no 
single explanation will suffice. For temporary stars and stars of the tirpe 
of Mira (a Ceti) Mr. Lockyerhas put forth a satisfactory explanation m 
connection with his meteoric theory of the universe. Temporary stars In 
his view are due to an encounter between two streatas m meteorites in 
space, during which the collisions between the metedP|k»>me so numerous 
and great that a sudden brightness is developed. ^If the onrush of one 
stream upon another or a more regular swarm is sudden, we shall have a 
sudden blaze-out of ligjit j if the on-rushing stream is short, the li^t wllJ 
soon die ; if it continues for some time, and reduces its quantity, w Ittht 
will die out gradually. Or, fi^aln, such a source of supply t ni y imm 
the complete passage of one stream through another.* In this ^ 

* See note, page 374, 
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different kinds of new stars are explained. The changes in the spectrum of 
these stars appear to support this view, and it is quite certain that no mass 
so compact as the sun could undergo Ae sudden increase and diminution 
of brightness that is observed. In stars like Mira a partially con- 
densed swarm of meteors has revolving round it a smaller swarm (or rather 
the two revolve round the common centre of gravity), and as this smaller 
group makes its periastron passage the two swarms clash, more heat is 
developed, and an increase oi luminosity results. See fig. I 53; . Moreover 
such an encounter in revolving swarms will produce a pen^dic increase of 
temperature. The range of variability will vary according to the close- 



Fig. tsj. 


ness with which the central parts of the swarms approach each other at 
their periastron passage. To stars of the Algol type this collision theory 
does not apply, as in these we have a sudden and short diminution of 
brightness* Their variations are generally attributed to the interposition 
of a dark companion between the star and the earth, so that the light of 
i»e star thus suffers a periodical darkening*^ The last three stars in the table 
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in par. 223 are of this type. There remain certain irreg;ular variables to 
which none of the above explanations seem to apply. Possibly the varia- 
tions of brilliancy in these cases occur in cooling stars, where the surface 
of a rotating globe is, partially obscured by dark masses of scoriae or crust, 
sometimes rent by outbursts of luminous matter. 

226. Double and Binary Stars.— On looking through a telescope at 
certain stars, which to the naked eye appear single, it is found that in reality 
they are double stars consisting of a pair of stars close together. Such tele- 
scopic double stars consist of two, which are only separated by a few seconds, 
or even a fraction of a second, of angle. There are known some 10,000 of 
these double stars, situated in different parts of the sky. Good examples 
are 5 and 5 ® Tauri, two fourth-magnitude stars close together ; and 
a Capricorni, a pair consisting of two very unequal components, whilst 
€ Lyrse is called a ‘ double-double,* for it consists of one pair very close to- 
gether, and another pair a little further off. The important question about 
such pairs of stars is whether the two have any physical connection by 
gravitation round each other, or whether they merely seem close together 
because the one lies behind the other in a straight line from the earth. 
The former we may call physical doubles of binary stars, and the latter 
optical doubles. The^ difference between the two will be found out by 
accurate and long-continued observations. But we may at once say that 
probability indicates that there will be few optical doubles, and that 
although the greater number of the pairs have not yet been proved to have 
physical connection, in the course of time this connection will be traced. 
The method of observation is to keep an accurate account, for some years, 
of the distance between the two stars and of the angle which the line 
joining them makes with a celestial meridian, called the position-angle* 
The distance between the two is measured by the parallel wire micro- 
meter \ and to measure the angle the micrometer has divided circles so 
that it indicates the angle through which the wires are turned till one of 
them passes through both stars. The position-angle is really the angle 
made with the celestial meridian by the line joining the greater star to Uie 
smaller, measuring round from the north to the east. If the stars are 
optically double, these observations will indicate a mere drift of the one 
star relative to the other — a movement due to their proper motion. If, 
however, it is a case of a true binary, it ■will be found that the stars revolve 
round one another, and that their orbits and periods can be calculated. 
Of course, it will be a case of both the stars revolving, under gravity, 
round their common centre of gravity ; but in the case where one of the 
pair is much larger than the other, this will have much the appearance of 
one star revolving round the other, as a planet does round the sum Many 
such orbits have been determined, and their periods extend from 14 years 
(for S Equulei) to 1,600 (for f Aquarii). But it is to he observed 
that the observations have not been carried on for a sufficient length ot 
time to make a period of more than 200 years certain. But in course of 
time, orbits of thousands of years will be clearly established, and most of 
the doubles will be found to be binaries or real physical doubles. Sirius 
is a double star of considerable interest. For its orbit was olierved and 
the orbit and position of its companion calculated before the latter was 
discovered. The companion was first observed in 1862 and was found to 
have the position and orbit very nearly as indicated by theory, 

*5^ *1^® illustrations of double stars as seen in a 
three-inch telescope. 49 Cygni appears as a rather close omple^ and thi^ 
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contrast of colours, as is usually the case, is very beautiful. The star of 
larger magnitude is always reddish or yellow, and the smaller one green 
or blue, when the magnitudes differ considerably. 61 Cygni is a wider 
couple, the pair revolving round their common centre of gravity in about 
450 years. The stars described as €» and e* Lyrse make a double-double, 
and the figure shows a faint star between the two pairs.* 

Coloured stars were first prominently noticed in connection with the con- 
trasted colours of binary stars. But among naked-eye stars we have also 
varieties of colour — stars nearly white like Sirius, yellow stars like Capella, 
orange or reddish like Arcturus, and pale blue like Vega. 

IStar clusters are either irregular or globular clusters. The latter con 
fiist of an immense number of separate suns apparently closely packed. 
Possibly they are formed by condensation of nebular matter. 



f 10. 154.— 49 Cygni. Fig. *55.- 6x Cygni, Fig, and #* Lyr*. 


227. Blitrihution of Stars,— A luminous belt, called the Galaxy or 
Milky PFay, surrounds the heavens, nearly in a great circle, so as to divide 
the sky into two portions almost equal. This belt of light is of irregular 
width and brightness, and is seen in the telescope to be mainly composed of 
small stars, from the eighth magnitude downwards. It also contains a large 
number of star-clusters, but very fevir nebulse. For about one-third of its way 
it is divided into two nearly parallel streams, * Although the largest stars are 
scattered somewhat irr^larly, the jpreat majority of the stars appear to 
^ther together in and about the Milky Way, and thus indicate to us the 
direction in which the stellar system has its greatest dimensions. To 
borrow the words of Professor Newcomb; ‘The great mass of the stars 
which compose the stellar system Is spread out on all sides in or near a 
widely extended plane passing throu^ the Milky Way. In other words 
the large majority of tne stars whi<^ we can see with the telescope are 
connected In a space having the form of a round fiat disc, the diameter 
of which Is eight or nine times its thickness* Our sun, with its attendant 
planetSf is situated near the centre of this disc-like sp^e. On each side 
of the gsJactio r^^ the stars are more thinly and evenly scattered^ 
we have a nebular rcarfoa with ffew stars but a great number of nebulas/ 
In the southern hem!i|^ere are two cloudy oval masses of light like de* 
tachad portions of the Milky Way. They are called the 
and Nubtmla mimr^ imd consist o( star^dosters and nebuhe. 

aaS. krge number of cloudy paldies of light 

appear In the dqr aud «re ^ckm of ^ mbuh (I^t mist). 

More thitn hodim have bw observed and 

, ' ' , ^ • 
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their places laid down, but only two of them — the nebula in 
Andromeda and the Orion nebula-— can ever be seen by 
the naked eye. Many bodies once supposed to be nebulae 
were found, with powerful telescopes, to consist of a close 
cluster of stars, and this led some to suppose that all these 
cloudy masses would be thus resolved. The spectroscope 
has, however, disposed of this supposition, for it has clearly 
shown that there are bodies that cannot be separated into dis- 
tinct stars, and that the light of many of the nebulae proceeds 
mainly from luminous gas. This does not necessarily prove 
that the nebulas are mere masses of gas, as is often stated. 
Mr. Lockyer regards them as consisting of swarms of sparse 
meteorites at a low temperature, the light proceeding from the 
glow of the gases between the meteoric particles. 

229. Classification of UebuleB. — ^The nebulse are divided 
into groups based upon their telescopic appearance. Six classes 
are thus enumerated 

I. Irregular Nehulce. 2. Annular or Ring Nebulce, 

3. Elliptical Neiulce. 4. Spiral or Whirlpool Nehulm. 

5, Planetary Nebulae, 6. Stellar Nebulae or Nebulous Stars, 


Irregular nebuh are probably in the earliest stages of condensation. 
The great nebula of Orion extends over several square degrees, in the 
constellation of that name, and appears to surround the multiple star 
Theta ( ?). This star lies between k and 
i (dgs. 7 and 8) and forms the naiddle 
one of three faint stars known as the 
^word that hangs from the belt. The 
nebula sends out streamers in different 
directions, is of a greenish-white tinge, 
and seems to undergo changes of shape. 

The nebulous matter surrounding the 
stars appears mottled, but the posi- 
tions of its brightest portions are 
changing. , Fig. 157 is a representa- 
tion, oy Captain Noble, of me Orion 
piebula as, seen m a smaU telescope. 

The multiple star 6 Orioni? forms the 
trapezium of four sta^ near the centre, 
and the dark gap leading up to the tra- 
p«dum is known as ‘ the fish’s nptouth.’ 
m a poWeriul telescQ]^e tw<| othear feint 

are seen in fi, and ^ of meSbulcma mafefer apcwi* 

o^ai^ed ^ jrtsmfe .show, the nebufe 0$, 

Magnificent photographs l^rve been taken of thk tmm 
— 'n:ar^ Mr* Eohmrts^^ .AWhet drregnkr iebsdi k mm 



Fio. H. 


Siars and Nebntce' 


261 

in the southern hemisphere surrounding the star 17 Argus. As an example 

of a rtn^ nebula we add an 
illustration of the one in the 
constellation of Lyra. 
tical nebulae are probably in 
some cases merely ring nebulae 
looked at sideways more or 
less. In other cases we have 
merely an elongated streak of 
light. The finest example of 
an elliptical nebula is the great 
nebula in Andromeda. Mr. 
Roberts, of Liverpool, obtained 
a most marvellous photograph 
of this bright nebula in Decem- 
ber 1888, By his kind per- 
mission a reproduction of this 
photograph is given. Draw- 
ings of this from telescopic 
views had previously repre- 
sented it as a rough elliptical 
Fio 158-— “Annular Nebula in Lyra. mass broken by two uncon- 

nected dark rifts. The photo- 
graph, which shows the integrating effect of four hours’ exposure, reveak 
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details never seen in the most powerful telescopes, and perhaps shows us a 
planetary system like our own in process of evolution. The central con- 
densed nucleus appears to be surrounded with a spiral of nebulous matter 
in a plane greatly inclined to the line of sight, dark rifts separating; two of 
the whorls of this spiral. In time the nebulous matter surrounding the 
central mass will probably be absorbed or separated into rings which may 
afterwards break up into planetary masses. The farthest boundaries of the 
nebula have already separated into rin^ more or less symmetrical with the 
nucleus, and present a general resemblance to the rings of Saturn, while 
the^ two smaller nebulas seem as though they were already undergoing 
their transformation into planets. The photograph also shows numerous 
stars that were in the field of view. 

Of spiral nebulae the one in the constellation Canes Venatici is best 
known. This spiral structure can only be seen in a powerful telescope. 



Fig. i6o.-^SpiraI Nebula in Canes Venatici. 


thus seen (fig, i 6 o), a central globular masaappears surrounded bv a coil 
of nelmlous matter, and at the outside of this coil is seen another round 
mass connected with the spiral by a fainter curved band. A photograph 
of this nebula shows two streams of luminous matter, dotted with brfohier 
spots, curving from opposite parts of a central nucleus. * 

Flamtafy nebulee usimlly present a nearly uniform disc of light, but b 
dSf is circnkr or sl^Uy «Uip. 

tw^. The one numbered 2*41 in Hetschel>sCataI(^ei,Aowi Sttl&r 

w ***** sPPSf s M stars surround^ by » hwy, nebulous 
s^ appear w the wnsteUation of « reo^ 

^otograph of the Pleiades reveals nebulosities envelopite six the stan 
SsSSn^**?***^ Mott of the nebube cen only bewen in the Sit 
wtruments ; for the more dwtant tttbuUe are so extremely &tot that • 
so^le sperm-candle consumag 158 gwJns of matter per hour ata dfatwoe 
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of a quarter of a mile is said to be 20,000 times more brilliant than such 
nebulas. By long exposure of a sensitive photographic plate suitably fixed 
to an equatonally mounted telescope, pictures of nebulae too faint for the 
most powerful telescopes have made their existence manifest; and the 
same means has shown details which were never previously seen, and 
which indeed never will be seen. As before intimated, changes of brightness 
and of form seem to go on in some of these misty objects, and both 
variable and temporary nebulae have been noted. 



Fio. x5*.—I*Ianet»ry Nebula, (H, aa4i0 Fig. i53.— Stellar Nebula. (H. 4 sa) 


230, SpMtra of Kehttl®.— Before describing the spectra of these 
bodies we must remind the reader that the spectrum of a heavenly body 
not only indicates the chemical elements that emit the light, bnt also its 
physical condition {see par, 74). Nebulse seem to be divisible into two 
groups according to their spectra (see note to par, 84). 

X. Nebulae ^ving a spectrum of bright lines# ^ 

2# Nebulae giving a spectrum apparently continuous. 



Fm. (H. 43?^0 


The first kind of spectitim is given by those nebulm which sMw a 
greenish tint in the telescope# Six bright lines have been seen Sa w 
spectrum of these nebulse and some thirty more have bema obtained w 
pnot^pitphlc portion of the Orion nebula. A feint, narrow, conrin^us 
ipectrom Is afso sometimes se^ Of the six or seven visible lines; three 
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being the K& line of this gas, or, which is the same thing, the F line 
of the solar spectrum. Another line, H7, is also a hydrogen line* The 
least refrangible line, K 5874, seen in the Orion nebula is the line 
attributed to the matter called ‘helium* in the solar prominences. The 
chemical constitution of the gaseous portion of the Onon nebula, so far as 
it is understood, seems to be the same as that of the solar prominences. 

The other nebulse, of which the Andromeda nebula is an example, 
are whiter and brighter than the first kind, and give only a continuous 
spectrum, often without any lines or bands, either bright^ or dark, being 
recognisable. From such a spectrum we can learn nothing ; for we get 
a continuous spectrum from an incandescent gas under great pressure as 
well as from solids and liquids. In some cases, however, these continuous 
nebular spectra show maxima of brightness in certain positions. The 
telescope fails to resolve these white nebulae, and the photographic plate 
shows them to be of the same nature as the other kind, though probably 
further condensed. 

231. What is a Kebnla This is a difficult question; some writers 
believe nebulae to be masses of cosmical gas * at a high temperature and very 
tenuous, where chemical dissociation exists.* These are the words used 
by Dr. Hu^ns in speaking of the Orion nebula. He further says ; * We 
know certaunly that two of the lines are produced by hydrcjgen. The 
fineness of these lines points to a high temperature and condition of the 
great tenui^ of the hydrogen from which the light was emitted. This 
condition of the hydrogen may give us a clue as to the probable interpret 
tation of the other lines. These may come from substances of very low 
vapour-density and under molecular conditions which are consistent with 
a high temperature.* * Professor Lcckyer, on the other hand, maintains that 

light, whether produced by electrical ^citation or ot^erwiM^^vS^ us the 
lines "risible at the lowest temperature of the chemical elements known to exist 
in meteorites. Speaking of this experiment he says t * The result of this 
comparison then is that the nebula spectrum is as closely associated with that 
of a meteorite glowing very gently in a very luminous atmosphere given oft 
by itself as is the spectrum of a comet near the sun by a meteorite ^dowing 
in a denser one ; also given off by itself when more highly heated, further 
it has been seen that the nebula spectrum was exactly reprodk^ k the 
comets of iS6d and 1867 when away from the sun. As the colhiicsik of 
meteorites is accepted for the explanation of the phenomena k om case 
it must,ya«/tf de mieux^ be accepted for the other. The well-known exm- 
stituents of meteorites, especially olivine, fully expUun all the fpectrosoopk 
phenomena presented hy luminous meteors, comets, and nebuls^.* These 
confficti]^ views about the constitution of nebulae must be left till fturt^ 
observations and experiments become quite decisive. 

232. Celestial Photography.— References have been made saveml 

times to photospraphs of the heavenly bodies, and a few general remarks are 
now added. With the ordinary telescope and spectroscope the obaurver 
avails himself of the vimU properties of light. In piwtogrwphy the 
chemical activity of certain lifi^it-rays and of other rays b^rc«aa the viokt 
end of the light spectrum act upon a sensitive plate and impress the kmm 
isf the ob^t sending out riien^ Beautifiil pnotographsof the imm^ 
^ portions of Imtstr ^enery ymtt uken some thhiy-ilve'yito 

More rebenUy fine pikk ima*s surface have been oMked Ik •: 

'i’"' 

* One of the other substances is now known to be he!kin» 
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instrume’iits called photo-helio^^raphs. This is a telescope with the object- 
|:jlass corre‘Ctcd for the photoj^raphic rays, and having a frame to hold the 
sensitive plate at the eye entl. In front of this frame is a spring shutter by 
means of which an instantaneous exposure may be obtained for the bright sun* 
(Par. 78. ) Refiecling telescopes with a mirror of silver on glass are also used 
in celestial photography. The mirror is at the lower end of the tube and, 
arrangements are made for exposing the chemically prepared plate at the 
focus of the mirror. By one or other of these instruments photographs 
of the sun’s corona during a total eclipse have been obtained, though during 
the short time available on such an occasion certain faint details and exten- 
sions visible to the eye do not leave an impression. Coronal photographs, 
therefore, show but little of the outer corona, but they are absolutely 
truthful as far as they go. As the range of sensitiveness of the photo- 
graphic plate is being extended, we may hope for better results. The 
feint nebulae and certain comets can, however, be photographed ; for the 
long exposure needed can be given by having the photographic telescope 
mounted as an equatorial. It is then made to follow the object so as to 
keep the image on the plate by an accurate driving apparatus. In this 
way the magnificent portraits of the nebulae already referred to (par. 229) 
have been obtained, revealing parts never seen by the human eye, even 
when armed with the most powerful telescope. The sensitive chemical 
plate of the photographer has two advantages over the human retina. 
First, it is sensitive to certain rays which produce no visual effect. Next 
it can accumulate light-impression l)eyond the power of human vision. 
What is too faint to impress the retina in a .second will not reveal itself by 
gazing an hour ; but light which is too feint to impress its image on the 
sensitive photographic plate in one hour may do so in two or more. Thus 
the feeblest luminous action will, with sufficient time, impress an image of 
the raf hating object. Hence photography has revealed to us myriads of 
stars ami Imndreds of nebuke never seen. The long exposure required to 
photograph the fainter portions of a nebula causes the brighter parts to be 
over-ex I KiHctl, while the brighter stars in the field comeout as blurred patches. 

Vhotographic mapsof the solar spectrum on an enormous scaleare in pro- 
gress, and the'se slum numerous new lines in the part beyond the violet, {Ste 
page 84. ) I'housands of photographs of stellar spectra have been obtained, 
and a complete spectroscopic survey of the stars down to the ninth magnitude 
m going on under the direction of Professor Pickering in America. Photo* 
grapliy ia aIjK> used to <letermine degrees of stellar brightness. It has also 
beenfimnd more useful than direct ^e-observation in determining the dis- 
placement the lines in stellar spectra, and it thus furnishes a satisfactory 
methcHl of determining the motions of stars in the line of sight. Professor 
Pritchard, at Oxford, by a series of photographs, taken at different seasons^ 
has been aide to measure the parallactic orbit of certain stars and thus 
determine their distance. 

Further, ph<d<igrapby has been applied to the construction of charts. 
An International Congress held at Paris has arranged to divide the work 
of photographing the whole sky among the chief observatories of the world; 
The prt^ramme now being carried out includes (i) the construction of a 
Star Catalogue framed fK>m plates of somewhat short exposure (about 
6 mim), giving the stars down to about the eleventh magnitude j and (2) 
a Phobigraphm Chart of the heavens framed from plates or longer exposure 
(40 min.), showing the stars to the fourteenth magnitude. The Cata- 
logue will proliubly show about one million and a quarter of stars ; the 
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Photographic Chart will probably include twenty millions of stars. Each 
sensitive plate will have imprinted upon it a network of fine straight 
lines, J of an inch apart, to aid in fixing the position of the stars. Each 
plate will cover only an area of four degrees, and ^ each must be 
duplicated to prevent mistakes, about 22,cx)0 plates will be needed for 
the chart alone. The duty of preparing the plates has been distributed 
among eighteen observatories in different parts of the world, and at each 
observatory a similar instrument will be employed. This will be a sort 
of double telescope. There will be a tube, with a lens corrected for 
photographic rays, of 13 inches aperture at one end, with an arrangement 



Fig. x 63».— Photograph of part ot the Milky Way in Saghtariui. 


for placing the photographic plate instead of an eye-piece at the other 
end, and to this will lie attached a telescope for visual purposes, with a 
lens corrected for visual rajrs. By clockwork movement this twin telescope, 
which is mounted equatorially, is made to move across the sky with an 
angular velocity exactly ^ual to that with which the earth rotates on 
its axis, and every object is thus kept on the sensitive plate in the same 
position during the whole cJqposure (fie, 163^). 

The work on the great Photographic Chart of the heavens Is now in 
progress, and will probably ^ completed before the end of the century# 
A complete celestial atlas will thus be obtained for future reference, $0 
that any changes of position or the appearance of any new object will 
readily be detected. 

Photography is thus effecting a revolution in the art of astronotnM 
observations similar to that effected by the spectroscope thirty yeatf ego* 
It enables us to obtain and keep accurate pictorial represenlatl^ ^ 
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particular objects and groups of objects; it greatly facilitates and ex- 
pedites the procevses ot exact measurement and of the construction of 
eharU of the stars ; it reveals to us new and wonderful phenomena; and 



Fio. 163^.— Twin TtWioopf nudu by Sir Howard OruWb fbr <*irtlag tb« Heavona. 

(From W rfvdfe} 

It mvea great aailatance In reading the riddk of the chemical constitution 
ana phyalcat conditSoD of celettiaT objacti.* 

We will now add a photograph w a remadcable spiral nebula in the 
constellation Pisces, the one numbered in Messier’s Catalogue. Ap« 
|>ended are the remarks upon it made 2 >r, Isaac RobertSi by whose 
kind permltibn the photograph Is dyen 163^). 

Alter remarking that Sir John neiwmm had described this nebula as 
* a globular ciuster/ white Lorn Rosee had designated it as * a spiral nebuk 
with the centre formed of stam,' Br. Roberts says, « The phot<^ph shows 
the nebula to be a very perfect ^ral vHth a central* nebmous, stete 
nucleus. The convolutions of the i^ral are studded with many start M 
itardike condensitionst* The photom]^ of the Orion nebula by Bt. 
Roberts (see Frontispiece) was a stHlubf revelation of the great eaMreit 
that prodigious obJect» for U ^owt the nebutoua am Is in^ ti%e« 
greater than that seen in the most pewerlbt t^escope. of a^ 

number of photographs of this mbiia k said to reveal a stmlkrll^ between 
its structure and the lumlnm api^digM of the tun« 

Still another remarkable d&oovery of Ihe'f^c^ipwpl^ plate may be 
mentioned* At Sidneyi hs the Hemliphirer Hr. Eusien has 

* BkmIIwI riModMtimi «t W- afl i iWl ofa^ou tppew 

ftOM tin* (0 tilM Ul 
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shown that the two nubccukc refcn-cd to in par. 227 havtj a spiral 
character. After exposing a photographic plate for four and a half hours, 
the Nubecula Major, or Greater Cloud, came out as * a complex spiral with 



Spiral Nebula. M. 74 Pi»clum. Scale k mlHintetrt' re 
secotias of arc* Taken with a aoincH reflector on bfcemW p, with m 
exposure of the plate during three hours and forty minutes. ' 

two centres ; * while the Nubecula Minor, or Smaller Cl<?ud, only revealed 
a somewhat similar conformation after an exposure twice as lontr* 1*he 
same observer has confirmed the idea that nebulae show cliatiges of 
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brightness or variability at certain points. A particular part of a great 
nebula in Argo, which was seen quite bright by Sir John Herschel, is now 
not only invisible in^ the telescope, but unrevealed on long-exposure 
photographs, so that it would appear that, though materially there, its 
jadiance must have left it. Other instances of light-change in nebulae 
have also been adduced. 


CHAPTER XV. 

Ax^MOSPIIERIC AND OCEANIC MOVEMENTS, 

233. General Movements of the Atmosphere on the Earth. 
—We will now return for a time to our own globe. Differences 
of atmospheric pressure, as measured by the barometer (‘ El. 
Phys.* chap, x.), lead to movements of the air, known as winds, 
the wind blowing from a region of higher towards a region of 
lower pressure. ‘ All winds may be regarded as caused directly 
by differences of atmospheric pressure, just as the flow of rivers 
is caused by difference of level, the motion of the air and the 
motion of the water being both referable to gravitation.' Now 
differences of atmospheric pressure, and consequently all winds, 
are caused either by changes in the temperature of the air over 
a certain region, or by a change in the humidity or quantity of 
aqueous vapour over that region, from both of which causes 
differences of density of the atmosphere in adjacent regions 
result, and atmospheric currents are then produced. Both 
tliese changes may be referred to the radiant energy of the 
sun. The air is heated chiefly by contact with the warm land 
or water-surface of a portion of the globe. As it gets warmer it 
expands and becomes less dense, or specifically lighter, ascending 
so as to produce an overflow above. The barometric pressure 
is thus diminished, and the heavier air of the neighbour- 
ing colder region will now flow in below, to take the place 
of the lighter air that has risen. Hence the statement that at 
the surface of the earth the wind blows from a region where 
the barometer is high to one where it is lower. In the case of 
the earth we know that tihe temperature Of the equatorial 
r^ions is high, and that of the polar r^ons low. For the 
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sake of simplicity we may at first suppose a uniform land or 
water surface. It is plain, from what has been said, that there 
will result an interchange of air between these two regions, an 
ascent of warm moist air from the regions near the equator, 
which will flow away in the upper atmosphere, leaving a region 
of low pressure; and an inflowing current of cooler air from 
the poles. Were the earth not rotating on its axis, these currents 
would flow north and south. But because of the earth’s east- 
ward rotation, these directions are materially modified. At the 
equator the surface velocity of a body eastward is over 1,000 
miles an hour; at 45® 730 miles an hour; at 60® 500 miles 
an hour; at 75® 260 miles an hour, and at the poles zero. 
Hence the outflowing upper currents from the equator carry 
with them their high eastward velocity. It can be shown that 
this relative easterly movement is much greater than the differ- 
ence between the rotatory velocities at the different latitudes, 
being, for a mass of air suddenly transferred from one latitude 
to another, as the difference of the squares of the cosines of 
the latitude. Cooled by the ascent, iJiey come down to the 
earth’s surface a little beyond the tropics, blowing towards the 
north-east in the northern hemisphere and towards the south- 
east in the southern hemisphere. But as winds are named 
according to the direction prom which they blow, these winds 
of the temperate zones are south-west winds in the northern 
hemisphere and north-west in the southern hemisphere. 
The cold and dense winds starting from the north pole first 
flow near the surface, but being pushed up in the temperate 
zones by the south-west winds above mentioned, come down 
again only at the tropics, and flow along the surface of the 
globe in the direction of the equator. Moreover, as they 
bring with them from the polar regions a much smaller easterly 
motion than the part of the earth over which they now paM, 
they continually drag behind So that their motion with refisr- 
ence to the earth’s surface is both to the equator and to the 
west— i.e. we have in a belt north 0/ the equator a system blow** 
ing from the north-east, and in a belt south of the equator 
another system blowing from the south-east Qoee to the 
equator both these flow nearly from due east Hence we m 
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that in all cases currents of air, in moving either from the 
north or the south, gradually turn towards the right in the 
northern hemisphere, and towards the left in the southern 
hemisphere. Now it has also been shown that, in consequence 
of centrifugal force— the tendency which a body revolving in a 
curve round a centre has, through its inertia, to fly ofif at a 
tangent at every point of the curve— the deflection to the right 
in the northern hemisphere, and to the left in the southern 
hemisphere, is also suffered by bodies moving due east and due 
west. This rule applies also for all intermediate directions, 
and we thus arrive at the general law given by Professor Ferrel. 
In whatever direction a body moves on the surface of the earthy 
there is a force arising from the earth's rotation which deflects 
it to the right in the northern hemisphere^ but to the left in the 
southern. This deflecting force is zero at the equator and 
increases with an increase of latitude. 

234. Eegions of High and low Pressure. — Near the equator the 
heated air rises, and then in the upper layers of the atmosphere flows 
away towards the poles. This expansion of the air and flowing away 
will leave near the equator a re^on of low pressure. Into this region of 
low pressure, air will be driven in the lower layers of the atmosphere from 
regions of higher pressure, which we shall find are situated at some dis- 
tance on both sides of the equator. To counterbalance this flow in the 
upper layers, from the equator to the poles, there must, on the whole, be 
a flow in the lower layers, from the poles towards the equator. This flow 
of air from the poles will be assisted by its centrifugal tendency— that 
tendency which tends to make it get farther away from me axis of rotation. 
So that air is flowing away from the polar r^ons. This cannot but 
pro<Iuce a lowering of the atmospheric pressure on those regions, so that 
these polar regions are regions of low pressure. We have, then, found 
three regions of low pressure, namely, an equatorial region, and two polar 
regions. Between these occur two re^ons of high pressure. By observa- 
tion these are found to be, in the northern hemisphere about latitude 35°, 
but in the southern hemisphere about latitude 30®. Let us inquire into 
the rt^ons for these regions of high pressure. Since the earth is spherical, 
the circles of latitude grow less as we recede from the equator ; so that 
the air in the upper layers which is flowing away from the equator, moves 
in a bed constantly growing narrower. It is therefore compressed, and a 
part of it forced down towards the surfece of the earth, its downward 
tendency being aided by the fact that it has become cooler and heavier 
since leaving the hot ^uatorial r^ons where it was first heated and 
e)apanded. This descent occurs about latitude 35® in the northern hemi* 
sphere, and 30^ in the soudbem hemis|>here, and causes the two high- 
nressure areas which oocnir in these regions. Knowing these regions ol 
high and low pressure, we are in a position to follow the course of the 
chief atmosph^ curreiits, as Indicated In fig. 164. 
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Surface winds only are indicated within the shaded positions ; but the 
outer part of the fi^re represents two layers of atmosphere, in the lower of 
which arc surface dirrents, and in the higher are the upper currents. The 
depressions over ithe poles and equator indicate the low-pressure regions 
there. At the equator the heated air rises into the upper layers of the atmo- 
^herej ^d then flows outward in these upper layers, towards the poles. 
Cold surface currents flow from the poles to the equator. These two large 
qurr^ts, to the poles in the upper layers and from the poles in the lower^ 
are modified, as in the figure. Firstly, they are all deflected, those from the 
equator towards the east, and those from the poles to the west. So that the 
current towards the equator becomes deflected into the trade winds, north- 
east and south-east in the northern and southern hemispheres respectively, 
and extending about as far as the tropics. Between the two regions of trade 



winds is the < 
the. goner 
}ow pressure. 

trade winds is a 9Qt|e in which .the prevailing^ winds sre firm ioeth« 
syesU The explanation of these pre'^ng south-west is «i 
^ shown, the south-west cwrmt fim the emUee 
towards the earth* whw it dWdes into two bfimdhei, 
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part keeping its direction from the S.W,, usually overcoming the colder 
N,E, current from the poles, and giving the prevailing south-west winds 
of north temperate regions. So that from the two regions of high pressure 
winds are pressed out beneath, towards areas of lower pressure, i.e. both 
towards the equator and towards the poles. It will be observed that in 
this temperate part the cold north-east current from the poles is opposing 
the south-west wind (called anti-trade wind), and sometimes the one pre- 
vail and sometimes the other. So that this temperate region is a zone of 
variable winds, with, on the whole, a prevailing tendency from the south- 
west. Similar remarks apply to the southern hemisphere, where there is 
a north-west anti-trade wind, or rather a prevailing north-west wind. 
The remainder of the figure explains itself. In north polar r^ons the 
prevailing wind is from the north-east, quite overcomir^ any tendency of 
the anti-trade wind from the south-west. Similarly in southern polar 
regions the prevailing wind is from the south-east. But round the poles 
there is a considerable tract of calms and low pressure, away from which 
the winds gently set in all directions. 

235. We therefore 'find, from a study of the distribution of atmospheric 
pressure over the globe : — 

1. A belt of low pressure varying with the position of the sun, but 

having a mean position along the parallel of 6® N. (the E!qua- 
torial Calms), 

2. An area of low pressure round each pole (the Polar Calms). 

3. Two zones of maximum pressure, one abraut parallel 35® N. (the 

Calms of Cancer), the other near parallel 28® S» (the Calms of 
Capricorn). 

As a result of the interchange of air set up between equatorial and polar 
regions the unequal distribution of solar heat and of the modification 
produced by the rotation of the earth, we also find four systems of wini : 

1. North-east Trades 9® N. to 35® N. 

2. South-east Trades i® S. to 30® S. 

3. South-west Anti-trades 35® N. to 65® N, 

4. North-west Anti-trades 30® S. to 65® S. 

236. Trade Winds.— The trade winds are constant winds on each side 
of the equatorial zone of calms. This equatorial calm belt, known as the 
jj Doldrums,’ is a r^on of low pressure nearly parallel to the equator and 
from 3® to 8® in breadth. It is characterised by great thunderstorms and 
much rainfiill,^ altematinjg with long periods of calm and suffocating heat* 
In the Atlantic Ocean ft lies wholly to the north of the equato* 7 »ut its 
position varies with that of the sun, reaching its most ncnrtherly IfroiL lat. 
II® N., near the end of the northern summer, and its southern mnit l® H** 
towards the end of the northern winter. In the Pac^c Ocean the ^I m 
belt pa^ a little to the south of the equator in the southern stammer* 
The belt rn which the trade winds blow occupies a zone of about 20^ on each 
side of the calm-belt near the equator. These winds advance from the tn&idh 
towards the region of low pressure about the equator } bit, in oemseqaenoe 
of the earth’s rotation, they are deflected towards the west, and as a oon- 
sequence we ^ve north-east trade winds in the northeam hemkte and 

. south-east trade winds hx the southern heml^here. In the OMn 
thetede winds are only constant in the southern hemisphere $ in fibe 
Ihq^ige mass oi kod formhjg the eonthmnl of 

The WI»ii*^The low barometrk prepinei 
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e<jf\iator is causud by the heated air of this region rising up and overflowing 
towards the poles. These upper currents move at first at a great height 
alKive the tr.ule wintls, but graiiually descending reach the level of the sea 
about the thirtieth parallel of latitude. Here they give rise in each hemi- 
sphere to the districts known as the calms of Cancer and Capricomj and 
cause a higli barometric pressure to prevail, except in parts where there is 
irregular h^cal heating of the land surface in the neighbourhood. The 
district of high pressure in the North Atlantic about lat. 30° to 35*^, between 
the United States and Africa, is known to seamen as the ‘horse latitudes,’ 
and is characteriscsl by calms and variable winds. It is the region where 
the mass of fit Kiting weed known as the Sargasso Sea is found- Beyond 
the trojncal belts of high pressure the anti-trades that have come to the 
surfai;c must cfuitimic their journey towards the poles, and, as already 
cxplitined, must beamie <leflecte<l by the earth’s rotation to the right in the 
lutrtheni h<‘mKphere, and to the left in the southern hemisphere. Hence, 
in the tempf'rale zones we have the prevailing winds westerly. In the 
northern hemisphere these south-west winds arc fairly constant over the 
(UUKins, but the influence of the great continental land masses on which 
changes of temperature occur to a great extent, and more quickly than on 
the ocean, disturb the regularity of these currents. In the southern hemi- 
sphere, however, where there is little land to cause a disturbance, these 
south-west winds bl{»w, especially in the Pacific and Indian Oceans, be- 
tween latitudes 40'’ and 50 ' so strongly and steadily as to take the name of 
‘Tlse Roaring Forties.’ 

238. Monsoons. • The gem^ral circulation of the atmosphere which 
arisoM from the difterence of teiniierature Initween the equatorial and |wlar 
H'gionfi, is only sulijcct to annual variations due to the changing position 
of the iiun in each hemisphere. There are other atmospheric disturbances 
less giftirral, arising from difference of temperature m the atmosphere 
overlying great laml inas*a‘H, ami that overlying the surrounding ocean. 
'Phe chief of these are the MonnwmH (seasons), so called because of their 
dtqMmdence on -seasonal change of tcmi>erature. Of these, the monsoons 
that pri'Vftil iji India and over the Indian Ocean are best known. As the 
!Hun passcH towardn the tropic of Cancer in the northern summer, the 
southern slopes (if the 1 1 im^Iaya Mountains, the desert of Gobi, and the ^eat 
pluinij of (‘entrai Afda liecome greatly heated, and the air resting on th^se, 
r<*f;ions liectuntni warm and ascends. From all sides air flows m towar< 3 hF 
the heated interior, and lieing deflecteil to the right by the earth’s rotation* 
the wintls coming fr(»m the Indian Ocean come from the south-west and 
produce the »outn-wtmt monsoon, which blows from May to October over 
till? northern Indian Ocean towards the district of low pressure in Central 
Am, Thus during theme months the north-east trade winds of this dia- 
tricl are completely luroken up and reversed. These south-west monsoons 
coming from cqtiatorkl regions are almost saturated with moisture, and as 
thorns vajmMt-laden wind* strike again»t a range of mountains, the Cr is 
farced to ascend, dynamical c«»oli»g follows, end the moisture is precipitated 
m rain* The latent heat given out during the condensation of the aqueous 
vajmrs luids greatly to the strength of the south-west monsoon. The 
current of the south-west monsoon from the Arabian Sea first meets the 
Western (rhauts on the Midabar coast of India* Here a large part of iW 
vapour k crniiiemwal and there I* m immoise rainM* gassing tmwards 
it mn Imtins to ascer^ the southern ^0^ of the Hhtkkyas, where its 
remaining moisture k precipitated in copious shoive«& But the greatest 

T 
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rainfall occurs on the Khasia Hills in the district at the north of the Bajj of 
Bengal. The monsoon of the Bay of Bengal has a more northerly direction 
than tl^t of the Arabian Sea, and its warm, moist air from equatorial 
regions is somewhat concentrated on these hills; and these, being the first 
elevations it has met, receive to the full the precipitated moisture as the 
wind ascends the slope. During the period of the south-west monsoon, 
30 inches of rain often fall for several successive da;p, and the total rainfall 
for a year averages about 600 inches or 50 feet. The vast amount of rain- 
fall during the summer monsoon has led to its being called tkt wet mcmaon* 
As the summer monsoon begins to break up in October, variable winds, 
calms, and hurricanes occur in the Indian Ocean. About the beginning of 
November, the land surface of the interior of Asia and the slopes of the 
Himalayas have cooled down again, and, as winter draws on, the cold, dry 
atmosphere of the plains of the interior leads to an increase in the density 
of the air, and we have now a high barometric pressure at the centre of 
this continent. As a consequence there is a complete reversal of the air- 
currents between the central and the surrounding r^ons. The cold dry 
air flows down the slopes of the Himilayas towards the sea and we have 
the north-east monsoons of winter. These monsoon winds combine with 
and strengthen the regular north-cast trades, but still are not so strong as 
the south-west monsoons. As the north-east monsoons come from the 
elevated and dry plains of the interior into warmer and lower region# no 
moisture is precipitated from them, and they^ are often called the dry mon- 
soons. Monsoon regions also occur in tropical America and in Australia. 
These depend on the same causes, the annual alternation# of temperature 
in the interior of these continents. In tine summer the heated Interior 
leads to a rarefaction of the air overlying the land, and there is a genera! 
tendency for the wind to blow from the sea to the land. In winter the 
tendency is for the wind to blow from the land to the sea. But the mon- 
soon-ixmuences about the other continents are comparatively small com* 
pared with those of Asia. This is owing to their smaller extent, and 
especially the absence of hi^h mountain ran^ and plateaux* For * if 
the suriace of the continent Is convex, or if It has highlands with long 
slopes, or the interior is in almost any way considerably elevated above 
sea-level, the tendency in the case of the summer monsoon to flow In from 
the ocean toward the interior of the continent, or the reverse In that of the 
ii^dttter monsoon, is very much increased.^ 

239. Occasional winds and Storms.-— Another class of atxnoi^herio 
disturbances Is of a more local and temporary character. Occasional winds* 
called storms^ when the movement of the air is violent, arise fxtm local 
increases of temperature above the turronndir^ parts. Land and water, 
dry and marshy areas, have different heat radiating and aheotblng powers, 
and It thus happens, tn a certain circumscribed area^ that the temperature 
of the air becomes higher than that of the surround^ atmosphere* The 
air from this heated area begins to rise up and spread out In directions 
above, givii^ rise to a reg^ of low pressure on the earth*# lur&ce biUMth 
this ascending current. iDuring its ascent the ahr becomes cooler thme^ 
expansion, but this decrease of temperature leads to the oondUmsatloii oim 
water vap^r, and there is thus liberated all the latent heat taken up duds^ 
the proc^ of evaporation* This further rarefies the asc e n d in g emmt om 
streigthens the vertical drcuktlon, moist sir being drawn in mm aS sidei 
to the upward movement In the area of low presmre, Asomdinf 
cmMts, |^sr(^ced as above described, give rise to douns, and 11^ 



AUfiospheric and Oceanic Movements 277 

fallows* Such regions of low pressure, with their accompanying winds are 
called cyclones^ and all storms have a cyclonic character. Several cyclones 
are often found to exist simultaneously in the temperate zones. One may 
extend so as to include another, or a large cyclone may separate into two. 
Ordinary cyclones are never stationary, for their centres move onward 
generally in the direction of the prevailing 
winds. Hence tropical cyclones move 
westwards and towards the pole, while 
the cyclones in temperate zones move in 
an easterly direction towards the pole, and 
with a greater velocity. Thus a cyclonic 
path if completecl would l>e somewhat in 
the form of a parabolic curve, with its 
vertex near the tropical calm-belt. 

Between adjacent cyclones will often 
l>e found a district of relatively high pres- 
sure, from which gentle winds are passing 
spirally in all directions. These winds EQUATOR 

flow in a contrary direction to those in a 

cyclone. Thus two distinct areas of baro- 
metric pressure are found to prevail, and 
these are connected with two distinct sets 
of ntmos]>heric movements. The winds 
cither I now inwards in a gyratory or 
whirling manner from all sides to a centre 
of low pressure, or outwards on all sides 
from a region of high pressure. Places 
where the Ixirometric pressure is equal arc 
connected by a line nassing through them, 
called an mbar, Tnc winds are strongest 
where the isobars are nearest together, or 
in other words, they are generally propor- Fm. 165. -Paths of Cyclonic Areas, 
tioned to the barometric gradient. 

*40. Barometric Gradient. — Engineers measure the inclination of a 
rcwsid or railway by what they called the gradient, A gradient of one in fifty 
in<iicates that the slope rises one foot for every 50 feet of horizontal len^ 
Meteorologists also use gradients, and those adopted are expressed in 
hundretlths of an inch of the mercury in the barometer j^er fifteen nautical 
miles. Thus a gradient of 3 implies a difference of *03 inch in a distance 
of 1 5 nautical miles* If the barometer at Brest read 29*38 at 8 a.m., and 
at Fentance at the same hour 29*19, we get a difference of reading of 0*19 
inch. The distance from Brest to Penzance is 1 13 miles. By simple 
proportion we find that a difference of 0*19 inch in 113 miles gives a 
difference of 0*025 xg miles. The resulting gradient is therefore 2*5. 

The greater the difference of baxometric reading between 
two places, the steeper, so to speak, will be the barometric 
gradient, and the stronger will be the winds ; for it is found 
that winds, as regards their direction and force, bear a definite 
relation to these gradients in accordance with the law of Buys- 
Ballot This law iriay be stated thus i Staffd with your back to 
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the wind^ and the barometer will he lower on your left hand than 
on your right As thus expressed the law holds good for the 
northern hemisphere except close to the equator; in the 
southern hemisphere we must interchange left and right. 

241. Anemometers, — ^The force of the wind can be mea- 
sured by an anemometer, which will show the pressure on a 
given area. Robinson’s hemispherical cup anemometer 
determines the velocity of the wind. These hemispherical 
cups are attached to the ends of two horizontal rods forming 
a square cross. The cross rods are attached in a horizontal 
position to a vertical axis, about which they turn freely. The 
cups, so arranged as to catch the wind in whatever direction 
it may be blowing, cause the rotation of the vertical rod, and 
this is communicated to a series of index-wheels, from which 
the velocity of the wind may be read. In the Daily Weather 
Report, the wind is not measured by any instrument, but is 
estimated according to a scale prepared by Admiral Beaufort. 

242. Cyoloaes.— We have seen that cyclones are areas of low barometric 

pressure with an encircling system of winds blowing spirally inwards. Such 
an area is determined when a sufficient number of observations are made on 
a given day at a fixed hour and communicated by telegraph to a central office. 
These observations will show that the lowest residing of the barometer 
covers a certain area, and this area is usually found to be more or less 
circular. Suppose this area of low pressure has a barometric reading of 
29 *55 inches. The space included in it is then connected by a line showing 
this reading. A short distance all around this spot, places will be found 
where the barometer stands at 29*6, and these places are now coni^ected by 
another isobar or line of equal pressure. At a further distance, but itiU in 
a more or less circular form, ooservers will report a barometric readhfl^ of 
297 mches, and thus another circular isobar is found. This process may 
go on till the highest reading are reached, though it will be found ftiat the 
outer lines become less regular (fig. 166), Moreover, the distance between 
one reading and another will not be uniform all the way round, so that the 
isobars wiU be closer together at certain parts than at others. Thus a 
cyclonic area is a redon of low pressure, from the centre of wMch the 
biometrical reading increase ih aU directions. ' ^ 

It is not necessary that the barometer should be of any partlcukr hdljj^t 
in such an area, but only that it riiould be low in ntatUn to the aurrouSd* 
ing readings. A cyclonic depession may vary from to t,ooo In 
diameter. In the northern hemi^here It is found that k a 
Infiow of the winds towards a cyclonic area, in a direction contrary to 
Jiids of a watch. Cyclonic systans may also be described as bad weather 
tetijs; for they bring to the regjon which they cover a km emoiuit ^ 
produemg cmnjpaiitively warm wet weather In wtntoeii 
eoo|di|i^ W«fttw to > , . 
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243. Anti-oycloaes are areas of high pressure from the centre of which 
the barometrical readings decrease in all directions, and from which gentle 
breezes blow spirally outwards. This central area is usually larger than a 
cyclonic area, and the surrounding isobars lie further apart than in cyclones, 
the winds consequently having less force. The direction of the winds is 
the same as the hands of a watch. An anti-cyclonic system is marked, at 
least at its centre, by dry and fair weather, though fog is often present. 
Thus it prwluces the hottest weather in winter and the coldest in summer. 
These cnrcumstances are accounted for by the fact that the air flowing out 
from the centre must be replaced from the upper regions. Air descending 
undergoes compression, and its temperature rises in the process, so that its 
capacity for moisture is increased and it feels dry. Both cyclones and 
anti-cyclones have one attribute in common. In both cases there is a calm 
at the centre enclosed by the innermost isobar, while around this calm 



centre the winds circulate in both cases. But m other respects there is a 
mat contrast. The winds blow in exactly opposite directions in the two 
SiSd wWwith a different force. wItt the cyclones come rain or 
mow MualL and cloudy skies; with the anti-cyclones comes gMerally 
Swht S alwnvi dry, weather. The former move on more quickly and 
SS mow the Utter pass off sbwly, or may remain stationary 

^ sSf #f (^yelones and Anti-oyoloi^ 

—From ‘ Weato Cbsits and Storm Wamines,’ by R. H. Sootu we extrart 
the Swine. wiU find in th& work an adtmrable aoraunt, 

Sth^wlUmtions. of the weather of our istods. Fi^. 167 • gives a 
afan area ef low pr<^$ure> or a ** depression, or a cyclonic 
^nrbattce, for the ten»s are used almost indiscriminately, developed as 
fally ai it is wial to itui theto in Western Europe^ 
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* It will be noticed that the chart contains other indications, besides those 
afforded by the isobars, which require some explanation. The direction 
and force of the wind are ^ven by arrows : a circle indicates a calm, as 
the wind has neither direction nor force. The direction is shown by the 


Fio. xtfr.-November 39, *874, 8 a.ii. Xioban and Wind, Cyclonic Pyttm 

direction in which the arrow is flying. The force it indicated by 
w the qnaboU employed, which are as follows ^ 

Forces o-i (BeaufMt scale) © . , . . 


tl 

above 10 


* n to a$ 

S ^tOdO 

« 4^ to 05 
« Sr5t090 


thus it wiE be seen that there is a very heavy gale at Kodidbet ll ti ie 
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WNW.,» heavy gale at Scarborough from SE., a fresh breeze at Aberdeen 
from E,, a hght breeze at Brussels front SSE., and a calm at Toulon. 

‘ lowest reading (aS’SS inches) is at Holyhead ; the highest (zo-oo 
Inches) at Corunna. » *6 u 

‘'rae innermost isobar (a8-6) embraces almost the whole of Wales. 
That for aS-S u ova! in shape, and covers nearly all England, and the 
ca«t and north of Ireland* That for 29*0 takes Jn a little of France and 



Tm, x 874 f 8 A.IA. Iiobart nod Wlodi Andcydcndo SsrKma 

Belgittmt tnd the greater part of Scotland. The isobar of 2p*2 envelm 
the whole of ScotIand» but is not carded out over the Atlantic beyond the 
Orkn^ on one side and the coast of Brittany on the other^ and it is only 
dotted in» as being merely inf«irred> in the absence of obsmadons, over 
the Bay w Biscay. 

«Tb« chief ^ttura notloiHikble in the northern pa^of chart is that the 


liobftri of ap-4 and 29^ awi^ to the norwwm^v and so the curves 
SpiMd cmt in a Ihn shape betereen the Bhetlands and the coast of Norway* 
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• If we now turn to the wind-arrows, we shall find that they show t 
circulation round the centre of depression. They are : — 


Westerly at Scilly and in France 
Northerly at Valencia 
North-north-east at Donaghadee 
East at Ardrossan . 


on its southern side, 
on its western stde. 
on its northern side. 


South-east along the whole east coast of Great \ 

Britain north of Hull I on its eastern side. 

South at Yarmouth and in the Straits of Dover ) 


*In fact the wind sweeps round the central area of depression, a^insi 
watch-hands^ and this is the invariable law in all cases of cyclonic disturb- 
ances in the northern hemisphere, . . . 

‘ Let us now lake the converse case, an instance of an area of hi^h 
pressure, or an anti-cyclone, and for this we have an excellent example In 
February 4, 1S74 (fig. 168). On this day, at 8 A,M., the absolute highest 
reading is 30*67 at Nottingham, and the only English reports which give 
readings below 30*6 are Dover, Plymouth, and Scilly, the isobar of 30*6 
enveloping almost the whole of England and Wales. That of 30*^ stretches 
to Holstein near Fano (30*49), passes south of Paris (30*52), being shown 
by dots, owing to deficient information, between these points, sweeps close 
to Valencia (30*49), is again dotted over the sea outside the coast of Ire- 
land, and finally reaches Aberdeen (30*49). 

*In the north and south readings decrease rapidly; on the south side, 
the curve for 30*40 passes half-way between Rochefort and BlarriU, and 
30*30 skirts the coast of Spain and the Pyrenees, readings being 30*28 at 
Corunna, and 30*24 at Toulon. In the north 30*4 passes below Stornoway 
(30*39), runs between Wick and Thurso and across to Jutland, where the 
reading at the Scaw is 30*34. Passing ferther north* 30*30 runs close to 
Sutnbuxgh Head and across to the neighbourhood of Bergen in Norway, 
while above it still we find that of 30*20, the reading at Ohristiansund 
being 30*15. 

‘ When we look at the winds in this case we find that their circulate Is 
exactly opposite to that which is shown in fig. X67 ; It is vHth waieh^hmds^ 
beings— 

North . • , .in Germany, on its eastern side* 

East , • , .in France, on its southern side. 

South « * « » in Ireland, on its western ^e. 

South-west to west » lo Scotland, on its northern side. 

North-west . . • in Denmark, on its north-eastern side. 


* The arrows also appe^ to draw pvm the emin Instead of ikmdni 

in tmards it^ as in cyclonic systems. 

* The isobars are fiirther apart than in the former case, and In CQnie« 
quence the fbree of the winds » much less.* * 

245. Tornadoes, Hnrrioaiies, ^hooas, Ao*--The general nanie^ 
clone belongs to all storms In which ue air-currents Mow a more oe km 
^spiral or whirling course* Tmtadm are local cfdlonk ik great tiotane 
m of comparatively snM They last but a stM thue, and asM 

tfmuenUy occur ^ sultry aftemoone ol summer* A warn 

of air resting on the rarified layer next to the ground ssdtaiA 
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elight (3ist«rl»ance, and an uprush of the air of the lower strata through 
those above set* la, and this is followed hy gyratory currents that meet 
from all sides below. These whirling winds attain extraordinary violence, 
the pressure at the centre is greatly diminished, and the ascending air, 
coolii^ as it expands, forms a fonnel-shaped cloud with the small end 
hanging downwards. As a consequence of the sudden diminution of 
pressure at the centre, strange and violent explosive effects often follow. 
Vessels burst, doors and walls of houses are thrown outward on all sides, 
and even the roof is hurled up and blown away, by the expansion of the 
interior air, thus suddenly relieved of a portion of its pressure. The 
whirling blast of air at the surface scatters the lighter objects like chaff, 
and even blows down the houses, trees, railway carriages, &c. ; while 
fowls, men, and various kinds of heavy bodies, may be drawn into the vortex 
and thrown out above in all directions. As the tornado moves on its 
narrow track, seldom exceeding a quarter of a mile in width, it leaves 
behind a path of destruction and desolation. Fortunately it exhausts it- 
self after passing twenty or thirty miles. The rapid ascent and cooling of 
air in a tornado leads to a great amount of rainfall. For a time this fall 
may In* prevented by the violence of the up-draught ; but, as this abates, 
tl»t water at times comes down in continuous streams known as ctoud- 
ktnts^ Thunder and hail also frequently accompany these storms,^ When 
a tornado occurs at sea, the funnel-shaped cloud may descend to the sur- 
face and draw uj> into it the whirling spray. Such a revolving column of 
water and air is called a waier-spout. It must be remembered that the 
rc^al spout is fi>rnicd by the depending cloud, the water drawn up from the 
sea or lake being a secondary matter. A water-spout on land is simply 
the cloud brought dt>wn to the earth’s surface by the condensation of the 
aqu*toUH va^KHir in the rapiilly gyrating tornado. In a desert clouds of 
dust nre often lifted up into the vortex of a tornado and form taovingsand- 
spmfx. Small dust-whirlwinds may sometimes be seen on hot turnpike 
roads. Tornjtdoi*H are frequent in the United States, especially around 
KarififtH, but sintilar storms are found to prevail in most parts of the world. 
In (he WcHt Itulies they are called hurn'eamf^ and in the China Seas, 
(yphmfX, I'htt simmn h a hot, stiffocating whirlwind which passes over 
the flr^erts of Africa and Arabia, and which often carries with it columns 
of burning sand. 


*46. Current*.— The waters of the sea are continually pass- 
ing from one region to another in stream-like masses known as 
currents. The causes of these marine currents are, to some 
extent, still in dispute. Some writers make the unequal 
temixsrature of the polar and equatorial regions the primary 
cause ; for the colder and denser waters tend to sink, while the 
warmer and lighter waters, being expanded, flow over the surflice. 
Hence arise under-currents of cold water, flowing from the 
potei towards the equator, and warmer surface-currents. The 
unequal evaporation in polar and equatorial regions is also 
brought forward n an efficient ageait in produclhg these move- 


I gff note, pige 37<>. 
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ments. One result of this is to produce different degrees of 
saltness in the waters of the sea. Thus in the tropics the sur- 
face water will be heavy through excess of salt, as the evaporation 
is so great ; while the great rainfall in the district of equatorial 
calms and in certain parts of the temperate zones of the sea 
will result in lighter and fresher water being found there* Such 
unequal densities in different parts of the ocean must set up 
movements, for the salter water will subside and flow off as an 
under-current, and an inflow of fresher and lighter water will 
come in to make up the deficiency. The axial rotation of the 
earth also plays an important part, deflecting all the ocean 
streams to the right in the northern hemisphere and to the left 
in the southern hemisphere, in accordance with the principle 
enunciated byFerrel. (It must be noted that currents are 
named according to the direction towards which they flow — 
winds according to the direction from which they blow.) 

But, according to many of the best authorities, the primary 
cause is to be found in the prevailing winds of the globe, the 
other influences mentioned — unequal temperature-distribution, 
rotation of the earth, evaporation, and degree of salinity — no 
doubt, acting as secondary causes. An objection to the wind 
theory may present itself to the reader. It is known that even 
in great storms the water of the sea is only affected to a little 
depth. How, then, can a current 300 to 400 fathoms deep be 
pr^uced by winds ? The reply is that winds blowing constantly 
in one direction so act on the water as to produce a sutfece 
movement which in course of time is transmitted by friction 
from layer to layer ; so that at length, the onward movement of 
the upper particles is communicated to a considerable depth. 
The movements thus established must of necessity dmw the 
remaining waters into the general circulation. 

247. Equatorial Ourrents.— By the influence of the trade 
winds and the earth’s rotation there are, in all the great oceans, 
currents near the equator flowing westwards, and, but for the 
interruption of the liwj, there would be a continuous westerly 
stream round the globe filling the greater part of the width of 
the tropics. But this equatorial stream is interrupted by die 
east coasts of America, the East Indian Archipela^ maA the 
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cast coast of Africa, and the westward equatorial flow is thus 
separated into three systems. Each of these equatorial 
currents is thus deflected towards the north or south pole by 
land masses, and Professor Haughton calculates that the total 
volume of the e{juatorial currents is six and a half times that of 
the (lulf Stream, and that they carry away, to distribute in the 
temperate zones, more than half the heat derived by the torrid 
zone from the solar rays. A contrary effect is produced by the 
polar currents, which convey, chiefly from the open Antarctic 
Ocean, their cold waters to temper the burning heat of 
cc|uatorial seas and shores. 

248. Oceanic Circnlation of the Atlantic Ocean. — ^The 
main equatorial current of the Atlantic flows across the ocean 
from the African towards the South American coasts. Some 
distance from Cape St. Roque it bifurcates, one branch passing 
southwards as far as the mouth of the La Plata, forming the 
Brazilian current, and the other branch flowing along the coast 
of Guiana towards the Caribbean Sea. This partunites east of 
the lesser Antilles with a portion of the north equatorial flow that 
has cro.sscd the Atlantic from the Cape Verde Islands. If the 
reader will refer to a map of the West Indies it will assist him 
in what follows. * IJetwecn the Lesser Antilles and the South 
American ccjast, an offshoot of the equatorial current enters 
tim ("aribhean Sea, in the deep basin of which it is partially 
clicked by a slioal extending from Honduras nearly to 
Jamaica. The current is thus turned round so as to pass east- 
ward along the south coast of San Domingo, and rejoin the 
main current near Porto Rico* This washes the north shores 
of Porto Rico and San Domingo, and is divided by Cuba into 
two streams, one of which flows on its north side to the Bahama 
Banks. The other passes through Bartlett Deep between 
Cuba and Yucatan, then turns northward through Yucatan 
jmsage, then eastward through the Florida Strait, where it 
unites again with the other stream. Here, at its narrowest 
part, its width is but little over 40 miles, the depth does not 
exc^ 3,000 feet, and the velocity at the middle is nearly five 
miles an hour*^ This paragmph on the origin of the Gulf 
Stream was written by Professor Stevens in Appleton's ‘ Physical 
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Geography,’ and gives the result of the investigation of Captain 
Bartlett, of the U.S. steamship ‘ Blake.’ From it we learn 
that, contrary to the popular notion, only a moderate part of the 



io w 


gieat body of warm water called the Gulf Stream actua% piuwei 
tirough the Gulf of Meadco, fw the greater part (d the CBtrreat 
^formed lyf the water from, the equatorial current that 
' ^ Gutf Stream ncartb .of Ipiacida Strait 
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(See Map, where, howerer, a current entering the Gulf Stream 
north of the Bahama Islands should be shown.) 

After passing the peninsula of Florida, the Gulf Stream flows 
north-east, increasing in width, but diminishing in temperature, 
d^th, and velodtf. Just beyond the Florida Strait it is 40 miles 
wide and 440 fathoms deep, and has a velocity of over fcau miles 
an hour, and a temperature of 85° F. ; near Newfoundlaindit is 
3iao miles wide, has a depth of less than half theabove, a vdoci^ 
of only about a third, and a temperature of 60" F. (Sm aibo * SI 
Phys,’ par, J84.) Near the middle of the Atlantic, lat. 47®N») 
long, 25® W., where feestream is 800 miles wide, with a fiemjpeia- 
ttu* still 8* or to® above the surrounding water, a division' tides' 
place. One branch flows on and is drifted towards the north^^at 
by the winds till it impinges on the shores of the British Isles' 
and Norway. The other division of the Gulf Stream passes 
along the coast of Spain and Africa, and at last rejoins t^ 
north equatorial current, thus completing a great oval whirl’ 
through the North Atlantic. In the midst of this oval wlt^ 
is the calmer water covered with a species of sea-weed, asd 
known as the Sargasso Sea. The influence of this great de^ 
blue ocean river on the climate of Britain and North-#est 
Europe is remarkable. Professor Haughton calculates that dMi 
volume of warm water poured into the North Atlantic by the 
Gulf Stream amounts to nearly 38 cubic miles per hour, ard thil 
transfer of heat from the tropics to the north temperate zox^ 
is more than of the total l^t received in the year &om.4iiie 
sun by the torrid sone. Hence it is found that the ge^Oet 
part <d the British Isles has a mean winter tempeeatar^ 
more than ao® higher than that naturally due to ith><p|^: 
<m the globe. On dw map the lighter arrows indb#’:)W , 
cold currents fleom tbe Aiciic Ooe^ A strong 
flow down the esM coast af’Greealand joins amithalr.'^ipl" 
current from Davis's Strait andi»rms the Arcde 
aatends southwards along' the American dronss 
the' Oalf Stnaaot) - Ilndw its totomioe 
Heeftamdlutd ate bed ftoeso tiaatos 
lie feat ; a«l al I of 
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shoals called the Newfoundland Banks. The fogs of this 
island are also due to the conflict of the cold waters of this cur- 
rent and the warm waters of the Gulf Stream. South of New- 
foundland the line of contact between these two streams is so 
abrupt and well-defined that it is spoken of as the ‘Cold 
Wall’ The cold current from the Antarctic Ocean is deflected 
eastward, in the South Atlantic, to the shores of South 
Africa. 

249. Oceanic Circulation of the Pacific. — A cold current 
from the Antarctic passes in a general north-east direction to 
the shores of South America, where it is known as the Chili 
or Peruvian current Gradually becoming warmer it turns 
westward at about 20® S. lat, and merges into the great 
equatorial current of the Pacific. This last-named current, 
formed of a northern and southern part, occupies the entire 
width of the torrid zone, and is driven westwards by the trade 
winds to the East Indies. Here it is broken up into several 
portions, a part passing into the Indian Ocean. One large 
part, however, sets southward and carries its warm waters past 
Australia and New Zealand. This is spoken of as the New 
South Wales current, and is ultimately lost in the Antarctic 
Ocean. Another portion turns northward past the Philippine 
Islands. Now setting north-east it forms the well-known 
Japan current, Kuro-Siwa. Kuro-Siwa means ‘black stream/ 
and is so called on account of the deep-blue tint of its 
waters. 

The Kuro-Siwa, or Japanese Current, resembles the Gulf 
Stream in its course and character, but it appears to be formed 
on a much larger scale. At its narrowest part, near the Island 
of Formosa, it has a vdocity of more than three miles an 
hour, and it probably transfers three times as much warm 
water as the Gulf Stream from the tropics to the north tem- 
perate zone, East of Japan it divides into several bmnehes, the 
largest of which sweeps round and reaches Alaska and British 
Columbia, whose winter tempmture is raised just as the 
Gulf Stream raises that of Britain and Norway, 

950, Currents of the Indian Oemru— Nckh oi the equator 
ttie currmits of the Indian Ocean are r^;ulated by the mmmGm 
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In the southern part there is a steady westward drift, splitting, 
however, into two parts near Madagascar. One branch runs 
along the eastern shores of that island and joms the Antarctic 
drift current The other branch flows to the south in the 
Mozambique Channel, and, passing the extremity of Africa, as 
the Agulhas current, carries its warm waters as far southwards 
as the islands of St Paul and Amsterdam. 


CHAPTER XVI. 

TERRESTRIAL MAGNETISM. 

251. Tlhe Earth a Great Magnet , — h freely suspended magnetic needle 
or compass needle has the property of setting itself nearly north and south. 



Fm. i69.*-"!Decrination of Compstt Fio. 170,— Xndinstion Conapasiy or 0 lpphi| 
Keedlo. 


This is due to the fkct that the earth itself is a great magnet nol|| 
and neutral line, however, do not coincide exactly with the gecfni|Sbw 
polos and equator* Like other magnets, the earth attracts m a g f& mm 

* See note on Marine Deposits, p. 376. 
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poles of a magnetic needle, and causes the poles of this needle to lie in 
the direction of the line joining the magnetic poles of the earth. The 
north magnetic pole of the earth was discovered by Sir James Ross, and 
is situated in lat. 70° N. and in long. 96® 43' W. The position of the 
south magnetic pole has not been found, though from certam calculations 
it is believed to be in lat 75° 30' S. and in 1 54® E. long. 

This simple theory of two ms^etic poles will be somewhat modified 
further on. For the sake of clearness we repeat certain definitions given 
in the ‘ Elementary Physiography.* 

Declination, — The geographical meridian of a place is the imaginary 
vertical plane passing through this place and the two geographical polea 
It is usually indicated by a line on the surface of the globe. The magnetic 
meridian is the vertical plane passing through the two^ poles of a freely 
suspended magnetic needle, and which, being produced in both directions, 
also passes through the magnetic poles of the earth. These two meridians 
do not coincide, and the angle which the direction of the needle makes 
with the geographical meridian is called the declination or variation of the 
magnetic needle. The declination is said to be east or west according as 
the north pole of the needle is to the east or west of the geographical 
meridian. Thus, in fig. 169, a ^ is the direction of the magnetic meridian, 
and s n the direction of the geographical meridian. ^ The angle formed 
between the two meridians at any place is the declination of the needle at 
that place. The declination varies at different places. At present it is to 
the west in Europe. 

252. Inclination or Dip. — When a needle is supported on a horizontal 
pilfct so as to remain quite horizontal, it is found that on being magnetised 
it no longer remains horizontal, but at London the north ena ot the 
needle dips down and forms an angle of about 67® 30^ horizontal 

plane. In order to see the dip accurately the needle must be placed in 
the magnetic meridian. The angle which a magnetic needle capable of 
vertical movement makes with the horizontal plane is tailed the inclination 
or dip, and a needle so poised is called a dipping-needle. The dip varies 
in different parts of the world. On going north of London the dip in- 
creases ; on going south the dip diminishes. The magnetic equator of the 
earth, or neutral line, is the line connecting those places where there is no 
dip, and the magnetic poles of the earth are the places where the dipping- 
needle is vertical. 

It would seem as if the magnetic poles of the earth were some litue 
distance below its surface ; and the dip of the needle is caused by its 
north-seeking end always pointing down towards the earth’s north-magnetic 
pole, which is below its surfece. (North-seeking pole is a convement and 
unmistakable name for that end of the needle which pomts north, and 
which really has south magnetism, because it must be of the opposite hmd 
to the earth’s north magnetism which attracts it.) An idea of the oirm s 
m^etic action may be very fairly got by assuming that it h caused by a 
great magnet buried under its surface the axis of which is mclm^ at 
20® totS^earth’s axis of rotation. Representing this by a wood^ ball in 
which is buried a luagnet, N s, see 17J. it wUl be TOtotwd 

that a magnetic needle n s suspaided over different parts of w ball wm 
dip down towards one of the poles of the lai^r magnet. f 

mi^netxc equator the needle will he horizontal, being equ^y by 

Sietwo poles n and S. » at any other position, as in the second ^re, 
the attra^on of the |>ofe be ffie stronger and cause the needle to 
’ . , ' ' ; ' . U 2 
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dip down towards it. When the needle is vertically over the pole it will 
dip down in a vertical line corresponding to the positions called m^etic 

poles of the earth. (See also 
next par.) It is to be ob- 
served that the earth’s 
netism is merely directive 
and not translative ; thus it 
merely makes a floating 
needle point north and south, 
and does not make it move 
off bodily in any direction. 
This is natural, for the very 
distant pole of the earth at- 
tracts one end of the needle, 
but repels the other end with 
an equal force, so that the 
final result is to twist the 
needle round into a north and 
south direction, but not pull 
one way more than the other. (In Mechanics this action of the earth’s 
magnetism is called a couple,) 

253. The Earth’s Hagpaetio Elements. — To fully determine the mag- 
netic elements at any point on the earth’s surface we must know three 
things ; — 

1. The declination (or variation). ^ 

2. The dip (or inclination). ^ 

3. The intensity of the earth’s magnetic force. 

The last is the strength of the earth’s magnetism at the particular 
place of observation. This force varies in strength at different places, 
being least at the magnetic equator, and increasing as we approach the 
magnetic poles. The direction of this magnetic force is the same as the 
direction of the dipping-needle. This force, which is inclined to the 
horizon, may be treated as the resultant of two forces, or may be resolved 
into two components, the one horizontal and the other vertical But it is 
sufficient to measure only the horizontal intensity, i.e. the intensity of the 
force in a horizontal direction. For if we know the horizontal mtenslty 
and the angle of dip, it is easy to calculate the total intensity. (Hori- 
zontal intensity* total intensity x cosine of dip.) 

Magnetic Instruments. — The instruments for the purposes of observing 
these magnetic elements are three 

1. The declinometer, to measure the declination. 

2. The dip-circle to measure the dip. 

3. The horizontal force magnetometer, to measure the horizontal 
intensity. 

The Beolinometer.^This instrument consists of a magnitlsed needle 
a h (see fig. 172) capable of turning about its centre, which M emended m 
a vertical pivot placed at the centre of a carefully graduated M o 1, 
A telescope, L, is capable of turning about thehorizontal aadi and Its 
centre is vertically; over the |dvot of the needle. The gndmited B 
and the vernier v incheatethe horizontal angle throng which M l l ilp i iapg i 
is ^ept round ; whilst thd arc 90 and the wernte It 

inemoation of the telescope m horizon- The 1 Jp 

instsUtnent on its trhmpilp Which pass the 
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* adjusted till the spirit-level n indicates that the 
card of the instrument is level. Of course all the fittings are of brass and 
^pper, no iron being included, as it would affect the magnetic needle. 
^0 use the decltnometer the compass and its card are to be made level by 
use of the screws s s and the spirit-level n. The telescope is then pointed 
m the astronomical meridian, either by pointing at the sun at midday, or 
by other well-known astronomical means. Its position, as shown by the 
yei^er v, is then r^d. Then the telescope is turned round to be parallel 
to the ne^le, w^ch is done ty tilting it so that the point of the needle 
may be viewed through it. Its new position is again read by its vernier, v. 
The difierenee between the two readings is the angle which the magnetic 
needle makes with the true meridian, Le. it is the required 
angle. ^ 



Fig, J7a. 


254, The Dip Oirole, as used in magnetic observatories, is a verv 

hilt a/ 4 4rtei« j ^ 


■e represents 


accurate hut complicated instrument. 

a more^ simple form of the dip-circle. This consists^ of a needle capable 
of turning In a vertW plane about a hoiwontal aids. T3ae needlelies 
5^55?^ which support its horiactntal axis. A 


circle of brass 
pass just within the ^ , . 
which can slide on assail 


t»,ted t^onds the nilfidle, w that its points 
On the neWie |wse certain brass balls 
These are sO that the needle, 
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before magnetisation^ will swing on its axis, exactly horizontal. Then, after 
magnetisation^ it will dip in the true direction. The vertical circle can be 
readily turned round the axis which supports it on the horizontal foot. To 
use the instrument it is first levelled by means of its levelling-screws in 
the foot and the spirit-level. The graduation 90® is then vertically below 

the axis of the needle, and the gradua- 
tion o® on a horizontal level with that 
axis. The vertical circle must then be 
turned round so as to lie exactly in the 
magnetic meridian. The usual method 
of doing this is to first turn the vertical 
circle round till the needle dips down 
vertically. This it does when its plane 
is magnetic east and west. For then 
the north horizontal force can have no 
effect on the needle, but the vertical 
component of the force alone exerts its 
effect, so that the needle stands upright. 
Having thus got the magnetic east and 
west, turn the vertical needle round 
through 90® and we get the magnetic 
north and south, i.e. the vertical plane 
is then in the magnetic meridian. In 
this position the angle which the needle 
makes with the horizontal, as shown by 
the ^aduated arc, is the required angle 
of dip. In actual use, readings are 
taken at both ends of the needle. Then 
173, the vertical circle is turned round 

through 180®, and readings again taken 
at both ends of the needle. By taking the mean of such pairs of readings, 
many errors in the construction of the instrument are avoided, 

255. Magnetometer. M easnrement of Horizontal Force.-— The instru- 
ment used for measuring the horizontal force is the Unifilar Magnetometer^ 
It consists of a steel bar of rectangular shape so that its mass and dimensions 
cmi readily be calculated. This bar is carefully magnetised and hung by a 
single fibre, hence its name. The fibre being so fine that its torsional 
elasticity may be neglected, the bar is perfectly free to swing. The process 
of determining the horizontal force is twofold : — 

1. Observations of the time of the swing of the bar magnet under the 
influence of the earth’s magnetism. 

2. Observations of the deflection caused by this bar magnet on a small 
magnetic needle placed near it. 

Without entering into the detail of these two processes, we can indicate 
their general methods. When the suspended bar magnet is twisted round 
in a horizontal plane from its resting position of north and south, on being 
set free it ^1 oscillate backwards and forwards through its resting position. 
These horizontal oscillations are similar to the vertical oscillations of a 
suspended pendulum, and in both cases the square of the number of oscilla- 
tions in a ^ven time is proportional to the force which causes them. In 
our case the force causing them is a magnetic one and is usually written 
n,m. In this product, h stands for our required horizontal force, and m 
is the magnetic moment of the magnet, i,e, the length of the magnet multi- 
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plied by the strength (expressed in proper units) of one of its poles. Let 
us observe then the number of oscillations in a given time, or the time of a 
single oscillation, and we can deduce a result * A, where A is some 
known quantity. But we do not want the product we want h alone. 
To obtain it we make use of the deflection method. For this purpose, the 
same bar-magnet is made use of to cause a deflection in a small compass- 
needle. The bar-magnet lies pointing east and west, with its centre south 
of the small needle. Then the unlike poles of the two magjnets attract 
each other, the like poles repel, so that the compass needle is deflected 
from its true position of north and south. The angle of deflection 5 is 
noted, and the distance r from the centre of the needle to each of the poles 

of the deflecting bar-magnet. Then the ratio 2 . can be proved equal to 

m 

For simplicity let B stand for this known fraction. Then we 

T-* tan 5 

have two relations connecting H and /;/, viz. 

H.OT =« A. 


where A and B are both known, and of course their product also is known. 
Multiply the corresponding sides of these two equations together and we 
have 

U.m X 2»ab 
m 

or K*«AB 
H *■ a/aB 

This gives K the required horizontal force. If the total force is wanted, it 
can he deduced when we know the angle of dip ; for, 

Horizontal force ■* total force x cos (angle of dip). 

By the use of such instruments as have been described, the data are ob- 
tained from which magnetic maps are constructed, i. e. maps in which lines are 
drawn indicating the magnetic elements at different places. These lines have 
various names. 

056. Isogonlo Iiines are lines drawn through all pUces which have the 
same declination (or variation). A map of these lines is given, and we take 
the following examples from it. Thus the isogonic line for 20® west de- 
clination passes through Enjtland in an oblique direction, touches Brittany 
and the north-west corner of Spain, and passes down the Atlantic Ocean. 
One of the lines showing no variation, the aipmc lim, passes from the north- 
east comer of North America, through Hudson Bay, through Lake Huron, 
past the West Indies, through Brazil, into' the South Atlantic, The course 
ofanirther line of no variation can be rimilarly traced from Lapland down 
to Australia. There is a third line of no variation which forms an oval in the 
eastern portion of Asia. These lines are more complicated than might be 
expected, and ^ow that the distribution of the earth’s magnetism is by no 
simple. More will be said on this after describing the other magnetic 
lines. (The ^res on the map on psf e 290 preceded by the sign + or - show 
tlM approjdmi^e wanual increase or decrease of declination in minutes of arc» j 
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257. laoclinie Lines are lines drawn through places which have the 
same inclination or dip. These lines are not so irregular as the isogonic 
lines, but form wavy curves round the earth, which are not very far from 
circles. The course of several can be traced out from the map given. The 
magnetic equator^ or aclinic Hne^ is that line which passes through places 
which have no dip. Its course may be followed from the map, and it will 
be observed to keep in equatorial regions, and to cross the geographical 
equator twice. The magnetic poles are the two positions in the northern 
and southern hemispheres where the needle dips vertically. It may help the 
student to think of these two sets of magnetic lines, isogonics and isoclinics, 
as somewhat like the two sets of ^ec^raphical lines, longitude and latitude. 

258. Lines of Bqnal Intensity, or isodynamic lines, are lines drawn 
through all places on the earth’s surface al which the intensity of the earth’s 
magnetism is the same. As it is usually only the horizontal intensity which 
is actually measured, maps are drawn for lines of equal horizontal intensity. 

259. PistribntiOtt^ of the Earth’s Magpietism. — By comparing such 
maps given for is<»onic and isoclinic lines, much has been learnt regarding 
the distribution of the earth’s magnetism. Thus in the map of is<^onic 
lines, we have noticed that there are three lines of no declination. These 
three lines divide the earth into four spaces, in two of which the declina- 
tion is to the east, and in two to tne west. Thus, starting from the 
Atlantic Ocean, and travelling round the earth at about latitude 40® N., 
we shall cross these four spaces. First we shall start in a space of west 
declination; as we approach Eastern Europe, this western declination 
decreases, till it is finallj; Then we cross this line, and in Western 
Asia have space 2, in which there is eastern declination. ^ This increases 
for a time, and then decreases, till we come to the oval line of no decli- 
nation ixi Eastern Asia. Inside this line, in Jwn and Eastern Asia, we 
have our space 3, with western declination. Then we get again across 
the oval Une of no declination, and, entering the Pacific, get into space 
4, with eastern declination, which extends all across the Pacific and most 
ck North America. Thus our four spac^, s^arated by lines of no declina- 


tion, are 

1. Atlantic, and most of Europe ; West Declination. 

2. Western Asia ; East Declination. 

3. Japan, and Eastern Asia ? West Declination. 

4. The Pacific and most of North America ; East Declination. 

The explanation of these variations is tnat there are two north magnetic 
poles, one in the north of North America and the other in the north of 
Siberia, the American pole beij^ the stronger of the two. The appUc»- 


tiott to the case of our imaginary k 
the Atlantic, the American pole is th 


journey round the earth is simple. In 
ne stronger and pulls the needle^ to the 


west. As we approach Eastern Europe, we approach the weak Sibenan 
pde, ittid recede fiom the strong American pole, till to the line of 
tM> va^tion, when the poles oalance one another. Then in crossing 
Western Asia, the near Siberian pole overcomes the American tendency 


and pulls the needle to the east. Then we come to the oval Une of no 
dedmfttlon ; and here we are south of the Siberian pole, and the American 
pole, about 180® in longitude distant,' is on the opposite side of the norw 
(mogtaphical pole, so that both magnetic tKiles puU the needle north. 
fSttde the ovij we are atUl near the Siberian pole, but it is now to our 
west $xtd puli the needle to the west bound^ of the oval 

k the place itdaete the |«dl of the Siberian pok is equal to the 
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^tern pull of the American pole; so that there is no declination. 

I assing on into the Pacific, we approach the strong American pole, which 
gives our needle an east declination across the whole of the Pacific Ocean. 
Then crossing America we come to the line of no declination, which 
extends southwards from this American pole ; and where the needle points 
north, because both the American pole and the Siberian pole, which is 
180® away, pull it north. Beyond tins line we again enter our first space 
in the Atlantic of western declination. It will be noticed that the spaces 
in which the American pole may be said to be dominant, are the larger 
ones ; hence we infer its greater strength. Similar considerations apply 
to the southern hemisphere, but there it is found that the two magnetic 
poles are much closer together. This argument is supported by the 
measurements of the total intensity. By them it is found that there are 
two foci of maximum force ^ one in Northern America, and one in Northern 
Asia, the former being the stronger. These foci of maximum force are 
the points we have been speaking of in the above as the American and 
i^berian poles. It is better to keep the term pole for another point we 
shall indicate shortly, and we speak then of four foci of maximum force, 
two in the northern hemisphere and two in the southern. Their positions, 
as given by Sir Frederick Evans, and as shown on maps of total force, 
are : — 

American (stronger) focus, 52® N. and 90° W. 

Siberian (weaker) focus, 70® N. and 115° E. 

Stronger Southern focus, 65® S. and 140® E. 

Weaker Southern focus, 50® S. and 130® E. 

We will now^ make it quite clear what is meant by north magnetic and 
south maraetic pole. From the map of equal variation, it will be observed 
that the lines converge to a point in the extreme north of North America, 
This point is considerably to the north of the American focus, and, in fact, 
is between the American and Siberian foci. It has been reached by Sir 
James Ross, in l8ji, and not only do the lines of equal variation converge 
to that point, but its position is indicated by the fact that there the dipping- 
needle dips vertically. This pole of verticity is generally called the north 
m^ctic Dole. It is the peninsula of Boothia Felix, at 70® 5^ N., and 
96® 4 V W. The similar south magnetic pole, where the south-seeking 
end of the needle would dip down vertically, is probably at 73° 30^ S., and 
147® 30' E. 

Variations in the Barth’s Kagnatism. — It is found, on keeping 
records of the three magnetic elements, that the earth’s magnetism is under- 
jfoing continual changes. In magnetic observatories, special self-recording 
instruments keep a continual account of all these variations. From them, 
three kinds have been distinguished, viz. i — 

I. Secular. 3. Annual. 3, Diurnal Variations. 

!26t« Secular Variations are changes which require many years to 
ran their full course, but sufficient observations have not 3^ been made to 
determine with certainty the period of these secular changes. The first 
raowd of the declimtion shows that the compass pointed, at London, about 
II® east of the true north in 158a Later observations showed that this 
easterly decHnation was decreaiug, and in 1657 the needle pointed to the 
geographical pole. It then began to more westward, reaching its maxi* 
mum, 34® 38’, in After th& time the westerly dedinatSon diminished, 
and the rate of decrease ie in Esgland about f each fm. 'At this rate it 
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will again point to the true north in 1976. The inclination, also passes 
through a cycle of changes, as will be seen from the following table • 


Table of Secular Magnetic Variations at London* 


Year 

Decimation 

Inclination 

1580 

11° 17' E. 

— 

IbOO 

— 

72® 0' 

1622 

6® 12' 

— 

1634 

4“ 0' 

— 

1657 

0® 0' min. 

— 

1676 

3“ o’W. 

73" 30' 

1705 

9° 0’ 

— 

1720 

13° 0' 

74® 32’ max. 

1760 

19® 30' 

— 

1780 

— 

72® 8’ 

1800 

24® 6’ 

70® 35' 

1818 

24® 38' 


1830 

24® 2' 

69® 7 

1855 

23® 0' 


1868 

20® 33' 

68® 2' 

1878 

19® 14' 

67® 43' 

1880 

18® 40' 

67® 40 

1889 

17® 35 ' 

67° 25 

1896 

16® 0' 

67® 0’ 


The total intensity of the magnetic force exhibits similar secular varia- 
tions. In London, in 184S it was *4)^91 units, in x866 it was *4740, and 
in 1880 it was *4736 units. 

262. Annual Variations, — A change in the magnetic elements occurs 
at different parts of the year, and these annual variations appear to corre- 
spond with the movement of the earth round the sun. Ilie dedina^on 
in England is greatest about the vernal wuinox, and least at the end oi 
June, the difference being 15' to 18'. The angle of dip is less during 
summer than the rest of the year. In the British Islancw too, the 
magnetic force is ^eatest in June and least in February, the reverse being 
the case in Austral^ieu 

263. Biumel Variations,— Small oscillations of the needle occur 
during certain hours of the day, and these small daily vsjriations (a jfew 
seconds of arc) require delicate instruments for their observation. 1^ 
our islands the north pole moves every day westward from sunr^ to one 
o’clock ; it then slowly travels back eastward until it regains its orighaai 
position about ten o’clock. Ihuring the night it remains stationary, except 
in summer, when a slight westward tendency is manhW about 

Every eleven years the mean amount of the diurnal variadon of the 
needle is larger than at other times, and, as already explained, par. Sj, 
.^lese years of maximum variation are also years of maximum sun**!) ‘ 
.n^uency, and vice vmi* Hotv closely the mean daily vadatk^ la j 
uWhehc needle during any year ccrresponds with the amount d 
i&'mm in fig. So. A in the recurrence 


appeari| to iikevail (par. 1 
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264. Magnetic Storms,— Besides these regular vanations in the mag. 
netic needle, sudden irregular, slight disturbances occasionally affect all the 
compass needles over a great part of the earth. Such magnetic storms are 
usually accompanied by a display of aurora and by disturbances in the 
feeble electric currents that are continually traversing the earth from the 
poles to the equator. It is not yet determined whether these earth cur* 
rents are caused by the variations in the earth’s magnetism, or whether the 
variations are due to the currents. (See “ Klein, Phy.siug,,” par. 289.) 

265. Ma^etio Observatories, — At Kew and other magnetic observa* 
tories the different magnetic variations are registered by 
apparatus* Very sensitive instruments have a light mirror so attached to 
the magnet that a beam of liglU sent from the mirror is reflected upon a strip 
of sensitive photographic paper placed on a revolving drum, This drum 
is rotated uniformly by clockwork, and when the magnet is at rest the 
spot of reflected light simply traces a straight line on the j^per as the 
drum rotates. When the magnet moves, however, the spot of reflected 
li^ht traces out a curved or crooked line, from which the amount of 
angular deflection can be calculated. ^ Such photographic records are 
called ^ magnetographs,* and the examination of these records, taken at 
different stations, is likely to be of great service in inquiries as to the 
origin and cause of the earth’s magnetism and its jurriodic changes. 
That the earth contains a considerable mass of iron and other magnetic 
substances there is little doubt, seeing that the interior density mutt be 
considerably more than that of the crust, but why this magnetic material 
should be magnetised is not very clear. The sun’s action cannot be direct, 
for to have such a direct influence its magnetism would have to be enor* 
mous. But it might have an indirect influence. Its heat m^ht alter t!^ 
strain of the earth, and this alteration might disturb the magnetic system. 
Or the changes might be due to the circulation in the earth’s atmosphere, 
and these changes would then have a maximum when the sun’s heat has 
a maximum, that is, when its surface is most disturbed by sun*ipois. Some 
authorities believe that the chief causes of secular variation must looked 
for within the globe itself rather than In solar or extra-terrestrial influences. 

266. The map on page 301 shows the value of the magnetic elements in 

the British Isles during xS88, It will be noticed that the declination west 
of the eastern agonic line Increases byabout 30’ for every degree of longitude 
os we pass westwards from London. Yet there are irr^ladtlesTn the 
increase caused by local disturbances of the magnetic ne«|}e near lines of 
gmt geological faults, and near mountainous masses whose ro^ contain 
mis|hetite (mamietio osdde of iron). Thus the dioritic roclcs of the Malvm 
Mils are found to affect the north pole of the magnet, and to cevm the 
deolhotation to be in excess on the east side, and In defect on the west side. 
In the same way some islands are found to affect compeei, and to 
behave as though they were magnetised in the same way as the hemlq^eri 
in which they are situated* It has been jproved that thm beat magnetb 
disturbances are due to the direct magnetic action of ^ roeki, and not to 
the feeble electric currents, known as which may be 

through them. The imp also shows how the dip of llm x»e^ end m 
horizontal mimetic force vary as we pass north* 
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CHAPTER XVIL 

COSMOGONY -- SECULAR COOLING OF TEE EARTH -- 

SECULAR CHANGES OF CLIMATE^MOUNTAINS AND 

LAKES, 

267. Kant’s Hypothesis.— -Cosmogonies (Gr. kosmos, the world or 
universe, and geno^ to produce), or theories of the origin of the .world, 
the solar system, or the whole universe, were invented by Greek poets and 
philosophers in very early times. Of these we have not space to speak, 
/^he earliest ideas about the ^owth of worlds in which a knowledge of the 
Newtonian theory of gravitation and the planetary system plays a part, is 
contained in an essay issued in 1775 by Emmanuel Kant, wbo was bom at 
Konigsberg in 1724. The essay was entitled ‘ A General Natural History 
and Theory* of the Heavens.* In the second part Kant treats * of the first 
state of nature, the formation of the celestial bodies, the causes of their 
movement and systematic connection, not merely in the planetary sphere, 
but in creation as a whole.’ Taking the development of the solar sjrstem 
as an instance of a process continually repeating itself in the universe, he 
supposes that ‘ all the materials out of which the bodies of our solar S]^em 
were formed, were, in the beginning of things, dissipated in their oiiginal 
elements, and filled all the space of the universe in which these bodies now 
- move.* This gaseous mass was in a state of chaos, and its elementary 
molecules were endowed with forces of attraction and repulsion. But the 
denser particles of the mass began to gather round them the rarer particles, 
the central nucleus became the sun ; extended ranges or strata of revolving 
matter, decreasing in density from the centre, arose from movement srt up 
by the attraction of the central mass, and the repulsion between the particl^. 
In these strata local nuclei formed and gave origin to the planets, some with 
satellites ; and thus the original chaotic mass gave place to the system we 
see. * If we examine the result of this hypothesis,* says Professor N ewcomb, 
* by the light of modern science, we shall readily see that all the bodies 
thus formed would be drawn to a common centre, and thus we should have, 
not a collection of bodies like the solar system, but a single sun formed by 
the combination of them all. In attempting to show how the smaller 
masses would be led to circulate around the lai^er ones in circular orbits, 
Kant’s reasoning ceases to be satisfactory. He seems to think that the 
motion of rotation could be produced indirectly by the repulsive forces 
acting among the rarer masses of the condensing matter, which would give 
rise to a whirling motion. But the laws of mechanics show that the Susp 
total of rotary motion in a system can never be iijicreased or diminiShe^^ 
the mutual action of its separate parts, ^ so that the present rotary mottete 
of the sun and planets must be the equivalent of that which th^ had^ficbm 
the beginning*’ The fixed stars were also re^rded by Kant as forini®® a 
system aggregated in the plane of the Milky Way, the movements c€ this 
star-system bei^ regulated by a great central star. The nebidae were al^ 
regarded as forming other stellar systems, and Kant even suggests a (Central 
body controlling all the systems that exist in the iniinitude space. Modem 
astyofiomy knows nothing of bu<^ great central bodies. 
y 26S. Li^lace’S iTehtflbr H^riothesis,— Without any knowledge of the 
Ideas oi Kant, die dose of his 'Syst^sme du' Monde’ 
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(Paris, 1835), a physical explanation of the origin of the solar systena, which 
‘ is known as the ‘Nebular Hypothesis.’ He pointed out (i) that the 
planets of the solar system all revolve round the sun in one direction, from 
W. to E. ; (2) that this revolution round the sun was nearly in the same 
plane as that of the solar S3rstem ; (3) that the revolution of the satellites 
was in the same direction as that of the planets ; (4) that the sun, planets, 
and satellites rotate on their axes in the same direction as the general 
revolution round the sun ; ($) that the orbits of revolution of the planets 
and satellites are nearly circular ; (6) and that the phenomena of Saturn’s 
rings are suggestive of a mode of planetary origin. The uniformity of 
revolution and rotation in the solar system must have risen from some 
primary and common cause ; for the chances ^inst such uniformit;^ being 
a mere coincidence or the result of accident, would be as four millions to 
one. Laplace, therefore, conceived the hypothesis : ( i) that the matter now 
collected in the sun and planets once existed as a nebulous mass of intensely 
heated gas, filling the space beyond that occupied by the solar system ; 



Fig. 174.— lllostration of Nebular Hypothesis. 

f 

primitive state of the sun its atmosphere extended beyond 
tijie orbits of all the planets, the sun forming the brighter nucleus j (3) tlaat 
^ immense vaporous mass imd a slow rotation on its axis, in cons^uerice 
of which, during the contraction of the mass under the action of its own 
gravitation, the rotation would be accelerated ; (4) that the time would 
therefore arrive when the centrifugal force at the equator of the rotatir^ 
mass would become equal to that of gravity, and rin^ of nebulous matter 
would be left behind, resombhbqg the rings of Saturn j ^5) that these rings, 
after revolvingfor a time as a whole, would gather into a single globe, wh&h 
would continue to revolve, round the central mass. Fk. 174 is an atkes^ 
to represent t:he birth of jJanets' according to I^apkoe’s theory | bat a 
illustration of an early stage ia pl^etary develc^ment may possiU/ be / 
nistied by Mr. Roberts’s recent pheteraph the gteat nebula in AnofOUSeda? 
where we probably see * a cop^lin^efacefitral nucleus, surrounded by 
of flattens rings, the rings beto diyided fiom ea<i other by dark spaces 
or rifts fig. 159). 
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/ 269. Bemarks on Laplace’a Tkeory, — LaplaCO^s hypothesis is a 
narrower one than that of Kant, and is based on a firmer fbvii^^fioi^ 
Kant explained the ring of Saturn as a special case, while Laplace . 

it as the type and foundation of his theory. Laplace put the comets m a 
class of their own, and regarded them as visitors in the solar system, while 
Kant endeavoured to include them in his explanation. It is clear that 
Laplace’s hypothesis explains the phenomena of the solar system on which 
it IS based. It is no objection to Laplace’s view that there is a zone of 
small planets between Mars and Jupiter, for he considered it probable that 
some of the rings would break up into separate masses, each revolving 
round the sun in its orbit. Nor is it a bir to the acceptance of the nebular 
hypothesis that Uranus and Neptune have a retrograde rotation. ‘ If the 
ring be nearly of the same density throughout, the resulting planet (which 
would be formed at about the middle of the ring’s width), must have a 
retrograde rotation like Uranus and Neptune. But if the particles of the 
rings are more closely packed near its inner edge, so that the resulting 
planet would be formed much within the middle of its path, its axial 
rotation must be direct.’ * A real difficulty is the revolution of Phobos in 
a period less than the period of rotation of Mars (par. 102). Other consi- 
derations, however, besides those urged by Laplace, support a nebular hypo- 
thesis of some form or other. Among these may be mentioned the much 
greater density of the four terrestrial planets compared with that of the four 
exterior planets, the greater density of the earth compared with that of the 
moon, the increase of temperature as we penetrate deeper into the earth, and 
the identity of chemical composition of meteorites, the earth, and the sum 
It is quite probable that, witn some alterations, Laplace’s hypothesis comes 
near the truth, for it satisfies most of the conditions of the problem. One 
modification has been thought necessary, on considering that the heat of 
the sun is now mainly produced and maintained hy^ its slow contraction 
under the force of the enormous gravitative attraction that exists in so 
large a mass. This appears to dispense with the need of a high temperature 
in the original nebula, though it does not prove that a high temperature 
was impossible. 

270. lookyer’s Meteoric-N'e'bnlar Theory. — Other modifications of 
Laplace’s hypothesis have been made. M. Faye supposes that the planets 
were formed by local condensations within the primitive revolving nebula, 
and not from rings shed by the parent mass. He also suggests in his work Sur 
VOrigins du Afe/wSj, that the terrestrial group of planetsisolder thantheduter 
group, and that the earth itself is older than the sun. But the ideas recently 
put forth by Professor l 40 ckyer, in his meteoric-nebular theory, repres^at 
the most important change of view. This theory (already referred to in 
pen. 221, 231) is based on the spectroscopic examination of meteorites in 
&« laboratory under various drcumstances of tempemture and igrtes upg^ agl ’ ’ 
on the comparison of the spectra thus observed with those of the 
kinds of heavenly bodies. As a rerult, Lockyer holds that the idea ' 
r<^df nebttlie, stars, and comets as diferent orders of bodies imJtst 
given up, as well as the notion that the ^ stars ’ are all cooling bodies. He 
that all the self-luminous bodies in space are, or have be^ 
swarms ^ meteoric dust, that the diffisreaces between them are due to me 
various stages of oondeasatidn and aggregation of these i^te^es, that 
some are at present increaring in temperiiime and some dfa f nMi iag, the 
temperature depending m the feequency and ric dence of the oolltsions ; 

> Young. 
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that comets, nebulae, bright-line stars, and most variables are still Composed 
of multitudes of separate small bodies surrounded by the glowing gases 
driven off during die collisions; that the sun and such stars as Sirius are 
globes of incandescent gas formed out of vaporised meteor-swarms, drawn 
together by the energy of gravitation. We add some of Professor Lockyer^s 
conclusions in his own words : — 

* I. All self-luminous bodies in the celestial spaces are composed of 
meteorites or masses of meteoric vapour produced by heat, brought about 
by condensation of meteoric swarms due to gravity. 

* II. The spectra of all bodies depend upon the heat of the meteorites^ 
produced by collisions, and the average space between the meteorites iw 
the swarm, or, in the case of consolidated swarms, upon the time which has 
elapsed since complete vaporisation. 

The highest stage of temperature is regarded as being represented by 
such stars as Vega and Sirius, whose spectra show the simplest kind of* 
line-absorption ; and, as such masses of vapour cool, a liquid or solid 
nucleus gradually forms, surrounded by an atmosphere whose gaseous 
composition varies with the degree of cooling through which the body has 
passed since the meteorites composing it were completely vaporised. 

Thus, according to Lockyer, nebulse, comets, stars of all kinds, suns, and 
planets are either swarms of meteorites, or they are the outcome of the 
aggregation and condensation of meteor swarms. The nebuloe represent 
the early stage in the history of the various celestial bodies, and consist of 
the most sparse and scattered swarm of meteorites. The force of gravita* 
tion drawing the swarm together produces collisions, by which hydrogen 
and certain metallic vapours are evolved, heat produced, and luminosity 
developed. In proof of his theory of the meteoric constitution of nebulse, 
Lockyer^ maintains that he has been able to reproduce the spectra of 
nebulae in the laboratory by gently heating meteorites in an exhausted 
tube, and sending an electric discharge through the vapours given off. 
New stars and variable stars are more condensed swarms of meteorites 
with sudden or periodic increases of temperature, due to sudden or periodic 
increase of collisions among the meteorites composing them. As a meteor 
swarm contracts, collisions increase, more vapour is given off, and more 
light produced. Gaseous or bright-line stars are close swarms bathed in 
evolved gases. At last the meteorites are more completely vaporised, 
absorption lines appear in the spectra, and we come from Group IL, 
where there is mixed radiation and absorption, through Group IIL, where 
volatisation is complete, to Group IV., the hottest group, where the 
simplest line-absorption is found. The mass of vapour now begins to coo), 
and the star, still intensely hot, shows a spectrum of many fine lines like 
the solar spectrum. The sun, Capella, and Pollux belong to this group. 
Cooling continues until we reach stars of a deep red tint (carbon-star^, 
where carbon absorption predominates (see par. 222). At last cooling has 
gone on so far that the body becoches non-luniinous, like the planets and 
other dark bodies that are known to exist outside the solar system. The 
Meteoric Hypothesis thus starts with nebulse as the earliest and coolest of 
the self-luminous bodies, gradually reaches the hottest and whitest stars 
like Vega, and then slowly descends through yellow stars like the sun and 
r^ stars with carbon absorption to the obscure or non-luminous bodies 

form the oldest group. * 
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Professor Lockyer even ventures to describe the pre-nebular condition 
of matter. It is matter so fine that it is impossible to give it a chemical 
name. This matter ‘ curdles * into a substance which is either hydrogen itself 
or some substance or substances connected with hydrogen. It is suggested 
that we have indications of this substance in tihe helium or D3 line of 
some nebulae and the solar chromosphere. Further curdling and condensa- 
tion leads to the production of an exquisitely fine dust which goes on 
condensing until we get the dust of such substances as magnesium, carbon, 
oxygen, iron, silicon, and sulphur in addition to hydrogen. Such dust at 
last becomes agglomerated into meteoric iron and stones. With motion in 
this fine dust, and gravitation leading to the formation of centres, we get 
rotation and condensing masses, nebulae being condensations of meteoric 
dust. As condensation goes on, collisions between the tiny meteors incre^e, 
the temperature rises, and we come to such a central system and spiral 
surroundings as is shown in Mr. Roberts’s Andromeda photograph, or to a 
variable like Mira, where we may imagine one condensed swarm revolving 
round a larger one in such a way that there is a periodical encounter 
between the two swarms when they are nearest together. In some such 
way Professor Lockyer leads us to the beginning of that temperature curve 
where he has located the first group of heavenly bodies. How much 
truth this bold extension and modification of Laplace’s hypothesis contains 
it is impossible yet to say. Certain it is that much spectroscopic evidence 
is in its favour, though some evidence of this nature is still doubtful ; while 
Professor G. Darwin has shown that the mechanical condition is for some 
time virtually the same as if the meteoric particles were molecules of agas.^ 

One fact remains clear as the result of all spectroscopic inquiry. With 
the possible exception of the existence of some more elemental form of 
matter in certain nebulse, and in the hottest r^on of the sun and stam like 
Sirius, the earth, meteors, the sun, and all heavenly bodies are constituted 
alike chemically j a nebula in its gradual passage to the condition of a cold 
planet showing almost every variety of spectrum observed in the various 
groups of heavenly bodies. 

37 u Internal Temperature of the Earth. — The temperature of the air at 
the surface of the earth depends essentially on the heat received by tWssurface 
from the sun. Hence it vaiies at different times of the day according to Uie 
altitude of the sun, and for different months or seasons of the year accordir^ 
to the length of the day and the angle at which the solar rays strike the 
surface. The mode of showing the mean temperature for anyperiod at 
various latitudes by means of isothermal lines is set forth in the ‘ Et Phys.’ 
pars. 21X^21 3. The diurnal inecmalities of temperature are insensible in the 
earth’s crust beyond a depth of 3 feet, and the annual inequalities also 
cease to be felt beyond a depth of from S^> to 80 feet. At a certain depth, 
^erefore, depending partly on the nature of the rocks, and partly on the 
latitude, we reach a point where the sea^nal variations cease to operate, 
ax^ a stratum of tnvariadU tempfr^ure is reached. This invariable tem- 
perature is about the mean annual temperature of the place. At Paris it is 
at a depth of 9^ fiset, and the constant temperature is 53® JF- / 

It Is found at a depth of 50 feet, where a oemstant tempeiii^to|t 45‘^'3 
eeivails. A surface passing througli the points in the where 

the temperature Is always w same m calW the the 

T “"'-■"■n i ' — -■ m ..m 

' l%e recent iavastel^^ # i;<ocky«c My w hie 

work entitled ‘The i«Beo*i^ayfotlj«ils.’ '■ 
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depth of this stratum decreases, on the whole, as we pass from the equator 
to the poles. In Central England the invariable stratum may be taken 
to have a depth of 50 feet and a temperature of 50° F. Below this invari 
able stratum the temperature increases the deeper we go. The rate of in- 
crease may be taken to be on the average 1° F. for every 50 feet of descent, 
though in some rocks it is higher than this, and in some cases lower. ^ The 
fact of this increase, and the rate of increase, have been ascertained by taking 
the temperature of mines and borings. Special precautions are needed in 
ascertaining the temperature in a tunnel, a mine, or a boring. It is not 
sufficient to place thermometers on the rock at certain depths, and read off 
their indications. The face of the rock is affected by the air in a mine, 
and some of this has passed down by diffusion from above, or has been 
forced down by ventilating machinery. Hence self-registering maximum 
thermometers must be embedded in the coal or other rock at such a distance 
from the face that the temperature of the rock is unaffected by the air of 
the mine. A distance of four or five feet from the face is generally found 
sufficient. In an artesian bore-hole several difficulties present themselves 
in attempting to ascertain the law of increase in temperature with descent. 
The boring tool increases the heat of the rock by friction, so that measure- 
ments cannot be taken during the progress of the work; and after the 
work is completed the bore-hole stands nearly full of water. This water 
is disturbed by convection currents, and the difficulty, therefore, is to make 
sure that the water in which we place the thermometer is at the tempera- 
ture of the rock at the same depth. To get rid of these disturbing causes, 
and especially to shut off convection currents, observations were made in 
a deep boring (4,172 feet) at Sperenberg, near Berlin, by lowering an 
apparatus called a geo-tJierfnometeri^ which cuts off a portion of water from 
that above and below it by two discs or bags. A thermometer was 
enclosed between the discs and allowed to remain down ten hours. On 
withdrawing the instrument it is believed that the temperature it registers 
is the temperature of the rock at a corresponding depth. The results 
showed a diminished rate of increase in the lower depths, but it has been 
argued that this diminution was due to the fact that the discs do not com- 
pletely shut off convection currents, and were not left down long enough. 
Later and even more careful determinations have been made at Schladebach 
in Germany, in a bore of greater depth (1,748 metres) and smaller diameter 
than that at Sperenberg. 


* Professor Prestwich considers the general means to be : — 

For coal mines . . . . i® in 49*5 feet. 

For mines other than coal . . 1° „ 43*2 „ 

For artesian wells . . . i® ,, 50 ,, 

* These instruments are overflow thermometers, generally without 
scales, and are enclosed (for protection against pressure) in a hermetically- 
sealed case of stout glass with an external diameter of 15 mm. To take 
the reading, the thermometer, after being drawn up, is put with a normal 
thermometer into a vessel of water at a temperature a little below that 
expected. Warm water is then gradually added, and the whole kept stirred 
tffl the mercury in the overflow thermometer reaches the open end. The 
temperature at this moment is then read by the other thermometer. 

: . Lines passing through depths of the earth's crust at which the tempera- 
ture is the same may be called geo 4 sotherms (see par. 299, fig, 193). 



Secular Cooling of the Earth 309 

Isolated water-columns were obtained by a plugging of moist clay made 
to press against the sides of the bore instead of by an india-rubber disc as 
at Sperenberg. The small difference of reading between the thermometer 
placed in the isolated column and that placed in the open water just above 
shows that in this narrow bore the eifect of convection was very small. 
^The series of observations (at Schladebach), extending as it does by regu- 
lar stages from the surface to a depth of 5,630 feet, in a new bore where 
there has not been time for the original heat to be lost by exposure, forms 
undoubtedly the most valuable contribution ever made to the observations 
of underground temperature.* The observations show neither acceleration 
nor retardation of rate of increase as the depth increases, and the curve 
of temperature is best represented by a straight line. The mean rate of 
increase is equivalent to for every 65 feet of descent. To what depth 
this rate of increase will continue, we cannot say. * ‘ Nevertheless, it is 
unquestionable,* says the Rev. O. Fisher, in his work entitled, ‘ Physics of 
the Earth’s Crust,* * that there must be a diminution, and that this equable 
law of increase of temperature, though sensibly true near the surface of 
the earth, cannot extend to all depths ; for if it did, we should have, at a 
depth of from 200 to 400 miles, temperatures which would equal those 
which have been, on good authority, attributed to the sun itself. The 
equable law of increase, however, may be so far depended on as to lead 
us to expect at most localities a temperature at which the rocks would melt 
at a depth of certainly less than thirty miles.* 

272. Origin of the Earth’s Internal Heat.— As the internal heat 
must pass from the interior through the solid crust by conduction, and on 
reaching the surface pass by radiation into space, we can only conclude 
that the earth was at one time much hotter, and that it is now, and has been 
for untold ages, a cooling gUhe. At present, however, ‘ the escape of heat 
from the interior, through the external shell of the earth out into the air 
and free space, must be of most inconceivable slowness, so much that no 
appreciable share in producing or maintaining the warmth of the surface 
can be attributed to it, and that the diiference of climates and local tem- 
peratures is the result entirely of external influences.* At the same time, 
not only do the phenomena of volcanoes and hot springs indicate unmis- 
takably the still further increase of heat beyond the reach of artificial 
excavation, but the fact itself, that the mean density of the globe is $0 
small as 5j, must be held conclusive evidence of the excessive internal 
temperature. * These considerations lead us to believe that there was a time 
when the earth was in a molten condition and that the heat of the interior 
is a remnant of this primitive state. This fluid condition in the distant 
past receives support from certain geolc^cal phenomena and from the 
present shape of tne earth. A mathematical investigation of the fi^re of 
the earth on the hypothesis of a former fluid state makes the elliptimty to 
be while the geodetic measurements of various meridional arcs, re- 
ferr^ to in paragraph 1S8, give an elipticity of This coincidence of 
theoiyand measurement gives strong support to the idea of a pristine molten 
condition. The nebular hypothesis also lends its support to this view. 


* Even in the frosen soil at Takutsk in Siberia an increase of tempera- 

ture with increase of depth is found to prevail, and the rate of increase 
Is even, 1® F. for 2$ feet. The limit of firozen soil is there 620 feet, the 
mean temperature at the surface b^ing 12^7 F« 



310 A dvanced Physiography 

973. Primeval Chemistry of the Barth, Assuming that the earth 
was once a part of the primal nebular mass out of which the solar system 
was evolved, it is certain that if it ever formed a globe of highly heated 
gas, the heat would then be so great that the various compoumi now 
existing would all be completely dissociated. Water, for example, could 
not then exist even as a gas, for we know that at very high temperatures 
it is resolved into hydrogen and oxygen. Even after cooling so Ikr 
proceeded as to allow of some combinations, the globe of confined liqueded 
matter would be enveloped by an atmosphere of dense vapours formed of 
compounds now forming part of the earth’s crust. It would be interesting 
if we could follow the various stages of condensation in the original globe. 
Probably some of the most refractory metals were the first to consolidate 
and now form the core of the earth ; these might be followed by such com- 
pounds as the bighl)^ stable silicates ; steam might then be formed in the 
atmosphere by the oxidation of the hydrogen, but it would exist under a pres- 
sure many times greater than that of our present atmosphere. According 
to Dalton’s laws, gases when diffused through each other behave as if they 
were separate and thus the lighter wes would preponderate into the outer 
regions of the early atmosphere, we might, therefore, at one period Imve 
a zone of such vapours as sodium chloride, above it a sone malnlv of 
C 0 „ above this a sone mainly of aqueous vapour mixed with dlia Ikptet 
gases, oxygen and nitre^en. As the cooling went on, the vapoinr of the 
salt and other chlorides would condense, ana this would be Ibliovred hf tiM 
condensation of some of the aqueous vapour to form the jprimhlve 
This is probably not the only source of the salinity of the ooeen waMt t 
for alth(^h some riilorides may have been formed In the eav)^ m 
the earth’s history by direct combination of the mewds, it Is also 
that the sodium and potassium dissolved out of the f»revkmsl^ liatmed 
felspam by carbonated waters and carried down to the sea in the ibrm of 
soluble carbemates, supply another source. These would be reacted upcm 
by the chlorides of the alkaline earths thus : 

Na^CO, + CaCla - xNaCl + CaCO,. 

The decomposition of silicates by alkaline carbonates would not be the 
only source of the carbonates of the earth’s crust, for it has been suggeate<l 
that much of the CO* present in early stages would unite with the oxides 
of the alkalies to form the alkaline carbonates by direct synthetic combina* 
tion. But the subject is too speculative for us to pursue farther. What is 
satisiketorily known of geological chemistry will be found in the Appendix. 

274. Present Conmtion of the Barth’s Interior. ---With a globe of 
molten matter different modes of consolidation are conceivable. But we 
have not sufficient data to say whether solidification began at the surface or 
at the centre. We know that the exterior crust is solid, but we are ignorant 
of its thickness, and of the state of matter a few miles below the surface, 
It must, however, now have one of the three following constitutions. 

1. The earth may consist of a solid crust with a fluid interior. 

2. It may consist of a solid nucleus in the centre and an external solid 
crust, separated by a fluid shell. 

3. It may be solid throughout* 

It may be thought that the increase of temperature as we descend Into 
ttxe interior must result in the fitsion of the rocks at a certain depdi, and 
#sat ffae id^ of a fluid bterior Is therefore correct. But we must bM hi 
Ibat there is reason to believe that the rate of Incrsiie fnuhMtlty 
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^minishes beyond a certain depth {100,000 feet according to Sir William 
Thomson) and we know that the fusing-point of solids rises with increase 
of pressure. It is, therefore, quite possible that the enormous pressure keeps 
ithe imprisoned rocks in a state of compulsory solidity, and that the interior 
as potentially molten, though really solid. Such a condition accounts, ac- 
•cordmg to some authors, for most volcanic phenomena. In a space relieved 
of the superincumbent pressure the rock assumes the liquid condition, and the 
shrinkage due to cooling is often forming such spaces and leading to volcanic 
.and earthquake phenomena. A further argument against a fluid interior and 
.a thm solid crust is urged by Sir William Thomson. A thin shell would 
be so di.sturbed by the tidal influence of the sun and moon on the liquid 
anterior that the distortion produced would be capable of detection by direct 
nneasurcment in the tides on the surface. No such effect has been observed. 
As a result of his mathematical investigations Sir William Thomson con- 
nearly as rigid as steel. On the other hand the Rev. 
O. Fisher maintains that the result of both mathematical and geological 
inquiry is to show that there is a liquid substratum holding gases in solution 
beneath the crust, the mountains having roots of unmelted lighter material 
projecting into a heavier molten liquid, and the permanent sub-oceanic 
crust dipping more deeply into the substratum than the continental crust- 
As to the density of the interior we do know something definite. The mean 
density of the surface rocks is found by actual observation to be about 2*6. 
The mean density of the whole earth has been determined, by experiments 
with the plumb-line and the torsion-balance, to be about 5*5. It follows, 
therefore, that the interior must consist of matter of higher specific gravity 
than that forming the cnist. According to the law assumed by Laplace in 
calculating the ellipticity of the earth, the increase of the square of the 
density is proportional to the increase of the pressure. Employing this 
law to calculate the density at various depths, on the supposition that the 
interior consists of layers increasing in density towards the centre, we find 
a density of 3*8 at a depth of 500 miles, a density of 4*8 at r,ooo miles, 
a density of 7-5 at 2,000 miles, and a density of 9*8 at the centre. This 
high density of the interior is most probably due to the larger percentage 
of heavy metals there ; for it is not likely that the density of such rocks as 
we find near the surface can be increased to the extent required, by any 
amount of pressure, though some increase of density will be due to this 
cause* 

275* An address on * The Mathematical Theories of the Earth, ^ delivered 
by Professor R. S. Woodward before the American Association for the 
Advancement of Science, at Toronto^ in August last, contains such admirable 
remarks on some of the subjects alluded to in the preceding paragraphs^ 
that no apolofi^ is needed for making the following quotations : — 

* All of the principal mechanical properties ana effects of the ear^V 
mass, vis., the ellipticity, the surface density, the mean density, thf 
precession constant, and the lunar inequalities, were correlated L4place 
In a sJngle hypothesis, involving only one assumption in addition to that of 
or^taaTfluidity and the kw of gravitation. This assumption relates to the 
compressibility of matter, and assert? that the ratio of the increment of 
pressure to the increment of density is proportional to the density. Many 
mteresting and striking condurions milow readily from this hypi^heiris, 
hut the most interesti^ and- important are those relative to d^sity and 
pressure# especially the Mer, ^ rr^sese dominanoe as a kotor in the 

U> tb, 
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hypothesis stands or falls. The hypothesis requires that while the density 
increases slowly from something less than 3 at the surface to about 1 1 att 
the centre of the earth, the pressure within the mass increases rapidly/ 
below the surface, reaching a value surpassing the crushing strength of steeli 
at the depth of a few miles, and amounting at the centre to no less than* 
three million atmospheres. The inferences, then, as distinguished from* 
the facts, are that the mass of the earth is very nearly S3rmmetrically 
disposed about its centre of gravity, that pressure and density, except near 
the surface, are mutually dependent, and that the earth in reaching this* 
stage, has passed through the fluid or quasi-fluid state. 

* Later writers have suggested other hypotheses for a continuous distribu- 
tion of the earth’s mass, but none of them can be said to rival the hypo- 
thesis of Laplace. Their defects lie either in not postulating a direct 
connection between density and pressure, or in postulating a connection 
which implies extreme or impossible values for these and other mechanical 
properties of the mass. 

‘ It is clear from the positiveness of his language in frequent allusions to 
this conception of the earth, that Laplace was deeply impressed with its 
essential correctness. “ Observations,” he says, “ prove incontestably that 
the densities of the strata \couches\ of the terrestrial spheroid increase from 
the surface to the centre; ’’.and “the regularity with which the observed 
variation in length of a seconds pendulum follows the law of the squares 
of the sines of the latitudes, proves that the strata are arranged symmetri- 
cally about the centre of gravity of the earth.” The more recent investi- 
gations of Stokes, to which allusion has already been made, forbid our 
entertaining anything like so confident an opinion of the earth’s primitive 
fluidity or of a symmetrical and continuous arrangement of its strata. 
But, though it must be said that the sufficiency of Laplace’s arguments 
has been seriously impugjied, we can hardly think the probability of the 
correctness of his conclusions has been proportionately diminished, 

‘ Supple, however, that we reject the idea of original fluidity. Would 
not a rotating mass of the size of the earth assume finally the same aspects 
and properties presented by our planet ? Would not pressure and centri- 
fugal force suffice to bring about a central condensation and a symmetrical 
arrangement of strata similar at least to that required by the Laplacian 
hypothesis ? Categorical answers to these questions cannot be given. But 
whatever may have been the antecedent condition of the earth’s mass, the 
conclusion seems unavoidable that at no great depth the pressure is suffi- 
cient to break down the structural characteristics of all known substances, 
and hence to produce viscous flow whenever and wherever the stress 
difference exceeds a certain limit, which cannot be large in comparison 
with the pressure. 

* Of those who in the present generation have contributed to our know- 
ledge and stimulated the investigation of this subject, it is hardly necessary 
to say that we owe most to Sir William Thomson. He has made the 
question of terrestrial temperatures highly attractive and instructive to 
astronomers and mathematicians, and not less warmly interesting to geolo- 
gists and paleontologists. Whether we are prepared to accept his conclu- 
sions or not, we must all acknowledge our indebtedness to the contributions 
of his master hand in this field as well as in most other ^elds of terrestrial 
physics. The contribution of special interest to us in this connection is his 
remarkahic memoir on the secular cooling of the earth. In this memofr he 
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adopts the simpld hypothesis of a solid sphere whose thermal properties 
remain invariable while it cools by conduction from an initial state of uni- 
form temperature, and draws tlierefrom certain striking limitations on 
geologic time. Many geologists were startled by these limitations, and 
geologic thought and opinion have since been widely influenced by them. 
It will be of interest, therefore, to state a little more fully and clearly the 
grounds from which his arguments proceed. Conceive a sphere, having a 
uniform temperature initially, to cool in a medium which instantly dissipates 
all heat brought by conduction to its surface, thus keeping the surface at 
a constant temperature. Suppose we have given the initial excess of the 
sphere’s temperature over that of the medium. Suppose also that the 
capacity of the mass of the sphere for diffusion of heat is known, and 
known to remain invariable during the process of cooling. This capacity 
is called difiusivity, and is a constant which can be observed. Then 
from these data the distribution of temperature at any future time can 
be assigned, and hence also the rate of temperature-increase, or the 
temperature-gradient, from the surface towards the centre of the sphere 
can be computed. It is tolerably certain that the heat conducted from 
the interior to the surface of the earth does not set up any reaction 
which in any sensible degree retards the process of cooling. It 
escapes so freely that, for practical purposes, we may say it is instantly 
dissipated. Hence if we can assume that the earth had a specified uniform 
temperature at the initial epoch, and can assume its diffusivity to remain 
constant, the whole history of cooling is known as soon as we determine 
the diffiTsivity and the temperature-gradient at any point. Now Sir 
William Thomson determined a value for the diffusivity from measurements 
of the seasonal variations of underground temperatures, and numerous 
observations of the increase of temperature with depth below the earth’s 
surface gave ah average value for the temperature gradient. From these 
elements and from an assumed initial temperature of 7,000®, he infers that 
geologic time is limited to somethir^ between twenty million and four 
hundred million years. He says : We must allow very wide limits in such 
an estimate as I nave attempted to make ; but I think we may with much 
probability say that the consolidation caimot have taken place less than 
twenty million years ago, or we should have more underground heat than 
we actually have, nor more than four hundred million years ago, or we 
should not have so much as the least observed underground increment of 
temperature. That is to say, I conclude that Leibnitz’s epoch of emer- 
gence of the comistmtior stains was probably between those dates.” These 
conclusions were announced twenty-seven years ago, and were republished 
without modification in 1SS3. 

* When we pass from the restricted domain of quantitative results con- 
cerning geologic time to the freer domain of qualitative results of a general 
cteacter, the contractional theory of the earth may be said to still lead all 
others# it seems destined to require more or less modification, if not 

to he reli^ated to a place of secondary importance. Old as is the notion 
that the great surfrce-irregularities of the earth are but the outward evi- 
dence of a crumplingcrusti it . is only recently that this notion has been 
sal^echad to mathematical analysis on anythir^ like a rational basis. 
About three yem ago Mr. T, MeUsrd Reade announced the doctrine that 
the earth^s from frm: elte of its heat end gravitation, should 

in e to a bent hew# should possess 
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at a certain depth a “ level of no strain,’* corresponding to the neutral sur* 
face in a beam. Above the level of no strain, according to this doctrine, 
the strata will be subjected to compression, and will undergo crumpling, 
while below that level the tendency of the strata to crack and part is over- 
come by pressure which produces what Reade calls “ compressive exten- 
sion,” thus keeping the nucleus compact and continuous. A little later the 
same idea was worked out independently by Mr. Charles Davison, and it 
has since received elaborate mathematical treatment at the hands of Darwin, 
Fisher, and others. The doctrine requires for its application a competent 
theory of cooling, and hence cannot be depended on at present to give any- 
thing better than a general idea of the mechanics of crumpling and a rough 
estimate of the magnitudes of the resulting effects. Using Thomson’s 
hypothesis, it appears that the stratum of no strain moves downward from 
the surface of the earth at a nearly constant rate during the earlier stages 
of cooling, but more slowly during later stages. Its depth is independent 
of the initial temperature of the earth ; and if we adopt Thomson’s value 
of the diffusivity, it will be about two and a third miles below the surface 
in a hundred million years from the beginning of cooling, and a little more 
than fourteen miles below the surface in seven hundred million years. The 
most important inference from this theory is that the geological effects of 
secular cooli^ will be confined for a very lon^ time to a comparatively 
thin crust. Thus, if the earth is a hundred million years old, crumpling 
should not extend much deeper than two miles. A test to which the theory 
has been subjected, and one which some consider crucial against it, is the 
volumetric amount of crumpling shown by the earth at the present time. 
This is a difficult quantity to estimate, but it appears to be much greater 
than the theory alone can account for. 

‘ The opponents of the contractional theory of the earth, believing it 
quantitatively insufficient, have recently revived and elaborated an idea 
first suggested by Babbage and Herschel in explanation of the greater folds 
and movements of the crust. This idea figures the crust as Mng in a 
state bordering on hydrostatic equilibrium, which cannot be greatly dis- 
turbed without a readjustment and consequent movement of the masses 
involved. According to this view, the transfer of any considerable !<»(! 
from one area to another is followed sooner or later by a dtpxemon over 
the loaded area and a corresponding elevation over the unloaded one ; and 
in a general wajr it is inferred that the elevation of continental areas tends 
to keep pace with erosion. The process by which this balance is main- 
tained his been called isostacy,” and the crust is said to be in an isostatic 
state. The dynamics of the superficial strata, with the attendant phenomena 
of folding and faulting, are thus referred to Cavitation alone, or to gravita- 
tion and whatever opposing force the rigidity of the strata may offer. In 
a mathematical sense, however, the theory of isostacy is in a less satis- 
factory state than the theory of contraction. As yet we can see only that 
isostacy is an efficient cause if once set in action 5 but how it is started, 
and to what extent it is adequate, remains to be determined. Moreover, 
isostacy alone does not seem to meet the requirements of geological con- 
tinuity, for it tends rapidly towards stable equilibrium, and the crust 
ought therefore to reach a state of repose early in geologic time. But there 
is no evidence that such a state has been attained, and but little if any 
evidence of diminished activity in crustal movements during recent geolc^ic 
toe. Hence we infer that isostacy is competent only on the supjpositSn 
that it is kept in action by some otner cause tending constantly to dhfturh 
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the equilibrium which would otherwise result. Such a cause is found in 
secular contraction, and it is not improbable that these two seemingly 
divergent theories are really supplementary.’ 

276. Secular Changes of Climate. — The rocks of the earth’s crust 
furnish clear evidence that the climate of the same region has undergone 
great changes. There is, in the first place, the evidence derived from the 
fossils found in the rocks of certain regions. In Greenland, Spitzbergen, 
and other Arctic countries, for instance, where the cold is now so great 
that no forest-tree can possibly live, we find, in the rocks of the Miocene 
Tertiary Period, the fossil remains of poplars, beeches, oaks, and other 
trees which grow only in temperate regions. About the same period we 
learn, in a similar way, that plants of a sub-tropical nature grew in England 
and Central Europe. At the close of the Tertiary Period the climate of 
the districts above-mentioned seems to have become gradually colder, till 
at last a cold of Arctic severity prevailed. For, besides the evidence of 
fossils, we have also proofs of climatic alterations, especially of periods of 
cold in the markings found on the surface of rocks, and also in the presence 
of boulder-clay or drift. Rocks striated and polished by glacier action are 
found in various parts of England and other countries between latitudes 40® 
and 50°, Boulder-clay is an unstratified deposit containing glaciated stones 
and blocks, and must have been the mixed morainic material of a great 
ice-sheet, or it must have been brought by icebergs carrying blocks of stone 
and mud, which were strewn on the floor as the ice melted. As this 
boulder-clay is found over several parts of the British Islands, we learn 
that during this cold period the land was at one time covered with great 
glaciers and ico-sheeis, and at another partly submerged under almost polar 
waters. Geology, in fact, shows that the northern hemisphere has been 
subject to considerable oscillations of level, and that periodic recurrence*! 
of cold climate have occurred. Signs of similar changes may be found in 
the stmthern hemisphere. The ‘Great Ice Age’ may be regarded as ths 
period which succeeded the deposition of the Pliocene beds at the close 
of the Tertiary Period (‘ El. Phys. ’ par. 264). It probably consisted, in the 
British Isles, of two glacial epochs separated hy a temperate interglacial 
epoch. 

277. Causes of Changes in Climate. — The theory that the earth is a 
slowly cooling globe will account for a gradual lowering of temperature on 
the surface during the earlier geolo^cal periods. But the alternating 
periods of cold just spken of require some other cause for their explana- 
tion. Several solutions of the problem of these changes have been 
ofleretl. 

1 . Gto^aphical Causes affecting Climaie , — The distribution of land 
and sea has been shown to have both a considerable direct effect on climate, 
owing to the diflerent heating effects of the sun on land and water, and a great 
indirect effect, by deflecting ocean-currents and altering the direction of 
winds* Any rearrangement of land which shut off the warm waters of 
the Gulf Stream from the North Sea, would undoubtedly make ^e climate 
of Norway much more severe, while a submeigence of the British Islands 
would allow a freer passage for these waters and increase the mean winter 
temperature of this country. But die special rearrangements of land 
required to produce the change of dimate required, do not appear to 
have existed at the times in question, nor does it seem probable that 
these changes alone could have produced the great alterations of tem- 
perature indicated. Still# it is quite pebble, and even probable, that 
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important modifications of climate have been produced by geographical 
causes. 

II. Astronomical Causes affecting Climate , — ^We know that the eccen- 
tricity of the earth’s orbit is variable (par. 179), and that an increase of 
eccentricity will diminish the perihelion distance of the earth, and increase 
the aphelion distance. As the earth moves faster when near the sun, the 
winter of the northern hemisphere is at present eight days shorter than the 
summer; but when the earth’s orbit is at its greatest eccentricity, this 
difierence will amount to thirty-six days. Moreover, the aphelion distance 
of the earth will then be fourteen millions of miles greater than the peri- 
helion distance. Now the combined effect of precession and the revolution 
of the line of apsides (par. 179) will be (always assuming the present 
position of the earth’s axis of rotation) to cause the seasons to occur in all 
parts of the orbit successively, and thus mid -winter would occur at certain 
periods for each hemisphere when the earth is at perihelion, and then, after 
a lapse of about 10,500 years, the mid-winter of the same hemisphere 
would happen at aphelion. Hence at a time of maximum eccentricity the 
hemisphere with mid-winter at perihelion would have a short and mild 
winter, and a long, but only moderately hot, summer ; while the opposite 
hemisphere would have a short and hot summer and a long and severe 
winter. *The effect of these secular changes would be to place each 
hemisphere alternately in a state approaching perpetual spring, and under 
a condition of burning summers and rigorous winters.’ Would these 
astronomical causes produce such great changes of climate as that described 
as occurring during the glacial epoch? Not directly; for the deficiency 
of heat during the long winter would be made up during the short hot 
summer. 

378. Dr. Croll’s Theory. —Though the combination of astronomical causes 
above described will not account for the full extent of climatic change in- 
dicated by the evidence of the rocks, Dr. Croll argues that it would lead to 
such great alterations in the direction of the permanent winds and ocean 
currents of the globe, as to account fully for the effects observed. In that 
hemisphere the winter of which occurred at aphelion when the eccentricity 
of the earth’s orbit was near its highest value, he believes that so great a 
fall of snow would occur during the long cold winter (what now falls as rain 
then falling as snow), that thelieat of the short summer would ^1 to melt 
it all. It would thus accumulate year after year, and these accumulated 
masses of ice and snow would tend to lower the summer temperature by its 
reflection of some of the solar rays that fell upon it, and by its absorption 
of others to perform the work of melting. Snow and ice also lower the 
temperature by chilling the air and condensing the vapour into thick fogs. 
These would shut off the sun’s rays from the earth’s surface, and retard the 
melting of the snow. * In short, a state of glaciation is produced on that 
hemisj^ere, while exactly opposite effects take place on the other hemi- 
sphere, which has its winter in perihelion. The general result is that one 
hemisphere is cooled and the other heated,’ Let us suppose that it is the 
northern hemisphere that is thus cooled. As a result the north-east trade 
winds would become stronger than the south-east trade winds, the 
equatorial calm-belt would be driven south of the equator, and the great 
equatorial currents would also become moved southwards. The equatorial 
current of the Atlantic would then impinge on the American coast south of 
Cape St. Roque, and its warm waters would pass along the BmUian shore 
into the Southern Ocean. The Gulf Stream would thus be lost to the North 
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Atlantic, and the northern hemisphere would lose all the heat derived from 
that^ source. Still another cause would lead to the increase of the icy 
coating of northern lands. The strong under-currents of air forming the 
north-east trades impiy^ equally strong vapour-laden currents from near 
the equator. Their moisture would be precipitated as snow on reaching 
the cold,^ ice-covered districts of the north. Such in brief is Dr. Croll’s 
explanation of the production of a glacial epoch. Dr. Croll estimates that 
the last period of great eccentricity began 240,000 years ago, and ended 
80,000 years ago, and to this interval he refers the Great Ice Age of the 
northern hemisphere. 

^ Mr. Wallace, in his work entitled * Island Life,* thinks that a distribu- 
tion of land and water tending in the same direction as the astronomical 
causes would be a still more satisfactory explanation. The importance 
of the distribution of land and water on the terraqueous globe as a factor 
m the production of climatic changes has also been emphasised in the most 
recent volume of * Challenger Reports.* In the ‘ Report on Atmospheric 
Circulation,* Dr. Buchan, after an exhaustive tabulation and discussion of 
the observations, and after showing by fifty-two newly constructed maps 
the distribution of the temperature, pressure, and prevailing winds of the 
globe, summarises the main results thus : ‘ The isobaric maps show, in the 
clearest and most conclusive manner, that the distribution of the pressure 
of the earth*s atmosphere is determined by the geographical distribution of 
land and water in their relations to the varying heat of the sun through 
the months of the year ; and since the relative pressure determines the 
direction and force of the prevailing winds, and these in their turn the 
temperature, moistuiCj rainfall, and in a very great degree the surface 
currents of the ocean, it is evident that there is here a principle applicable, 
not merely to the present state of the earth, but also to different distribu- 
tions of land and water in past times. In truth, it is only by the aid of 
this principle that any rational attempt, based on causes having a purely 
terrestrial origin, can be made in explanation of those glacial and warm 
geological epochs through which the climates of Great Britain and other 
countries have passed.* 

[Dr. Ball has recently written in support of the astronomical explana- 
tion of glacial periods and secular changes of climate. He lays stress 
on the facts that, owing to the obliquity of the ecliptic, jjjSj of the total 
heat received by one hemisphere is rccived in summer, and only ^3 in 
winter, and that at the time of extreme eccentricity of the earth’s orbit one 
season of the year will amount to days and the other season to 166 days 
only* Hence in the hemisphere with the long and cold winters the deposit 
of ice and snow would increase from year to year, the short and hot 
summer not being able to melt all that formed in the winter. Thai would 
arise an ice-sheet and a glacial period in one hemisphere, while the other 
hemisphere with the opposite conditions would have a genial climate* 
Independently of the^ slow changes due to change of eccentricity, the 
precession of the equinoxes would, in the course of 10,500 years, lead to 
the transference of glaciation from one hemisphere to another. See * The 
Cause of an Ice Age,* by Sir Robert Ball.] 
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4^9. The Great Movements of the Earth^s Crust. — It 
has been shown (pars. 271 to 273) that the interior of the 
earth is much hotter than the rocks forming the outside crust, 
and it is evident that, as the central mass slowly cools and 
contracts, while the outer part keeps at about the same 
temperature, the strata of the crust must sink down under the 
action of gravity and adapt themselves to the shrinking globe. 
In a portion of the crust thus adapting itself to a smaller globe 
enormous lateral pressure is set up, which compresses the strata 
into folds much in the same way as the skin of a drying apple 
adapts itself to the lessening fruit by wrinkling. Such is 
believed to be the origin of the great movements of the earth^s 
crust by which some of the continental areas and great 
mountain chains have been formed.^ Possibly parts of the 
great continents and some of the deeper ocean basins represent 
the huge crests and troughs of the earliest crust movements ; 
for, as we find no rocks representing the consolidated red 
clay of the deepest parts of the ocean, it seems that continent 
and deep ocean, broadly speaking, have not interchanged posi- 
tions during the millions of years since geologic time began. 
The land area of the globe was less than at present in the 
earliest geologic periods. But the present continents of the 
globe are of great antiquity, though they have undergone 
frequent changes of form, for certain parts of the land, 
especially near the borders, have been alternately loaded 
with sediment under water, and then slowly raised to form 
dry land* This uplifting is a result of the interior heat, and 
the uplifted beds have afterwards been subjected to the lateral 
pressure set up by the cooling globe, so that their original 
horisontal position has often been disturbed by this force, 
and they are now found bent, broken, and displaced in various 
ways. 

^ * Geologists are now generally agreed that it is mainly to the secular 
contraction of our planet that the deformations and dislocations of the 
terrestrial crust are to be traced. The cool outer shell has sunk down upon 
the more rapidly contracting hot nucleus, and the enormous lateral com- 
pteision thereby produced 1ms thrown the must into undulatloios, and even 
Into the most complicated corrugations * (Sir A. Geikle, * Text Book of 
Geology,’ p. 1070). 
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280. Folding and Faulting of Books.— Though the rocky beds have 
been folded and broken in small areas through superincumbent pressure 
undermining, local shrinkage, and volcanic disturbance, yet the greatest 
and most violent crumpling is a consequence of the cooling and contracting 
of the central mass of the globe. When beds of rock have been bent into 
the form of long paiallel arch-like folds, the tops of the arches are called 
anticlines^ and the hollows between synclines, or troughs. The Jura 
Mountains consist of a series of anticlinal ridges with synclincs between. 



Fig. 175.— Section of the Jura, bhowing Anticlines and Synclines. 


It must not be supposed that the top of the fold is now necessarily the 
highest part, for, the rocky beds being here most strained, the tops arc 
weakest, and have often been eroded off by the denuding agency of frost 
and rain, so that the syncline has received the sediment and become the 
higher. 

The lateral force of compression due to contraction has often been 
so great that the strata, instead of ridging up into simple anticlines and 



Fig. 176.— Contorted Beds in the ^Neighbourhood of a Fault 


synclines, have been thrown into highly contorted folds, or even inverted, 
so that older beds are found lying’ above newer ones (see 176 
and 17^)' 
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Besides the folding 6f the strata, we often find that a series of beds 
have been fractured, and that at one side of the fracture the beds have 
been moved up or down so that their continuity has been destroyed. 
Such a fracture and dislocation of the strata is known as a fault,, and the 
side on which the strata are lowest is called the downthroiv of the fault. 
The extent of the downthrow may be a few inches Or hundreds of yards, 
A large fault is often accompanied by several minor faults and dislocations. 
Usually the strata are thrown down the side towards which the fault slopes, 

DOWN THROW 



but in some cases the strata are pushed up the slope, and the fault is then 
called a ravened fault With violent disturbing forces, the rocks on the 
upper side may be thrust along the line of a reversed fault for a consider- 
able distance, and the rocks thus severed from the underlying masses. 
The surface over which the strata are pushed in such a reversed fault is 
called a thruit^pl&m. 

The movements that have brought about the folding and fracturing of 
the strata have also frequently so compressed them as to produce changes 
in the structure of their original minerals. Thus pressure has caused the 
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Fig. 179. — General Section of the Appalachians or Alleghanies. 
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movements that have caused the various minerals of 
a rock to become arranged into separate crystalline 
layers termed jolia. Gneiss and the various schists 
are foliaied rocks. Thus mica-schist consists of layers 
of quartz intermingled with mica ; talc-schist of layers 
of quartz intermingled with talc. Gneiss consists of 
layers of quartz, felspar, and mica. Extreme cases of 
alteration of the original structure of a rock is known 
as metamorphism (see Appendix, p. 362). 

28 1. The Produotion of Mountain Structures. — ^The 
origin of the mountains of the world has long been a 
subject of discussion. It is now, however, generally 
held that the great mountain chains of the world are 
the result of the extensive folding and crumpling of 
the earth’s crust along certain lines of weakness^ and 
that this folding is caused by the intense lateral or 
tangential pressure set up as the earth’s crust adapts 
itself to the cooling and contracting interior. The 
great mountain ranges of the world usually consist of 
more or less extensive parallel anticlinal ridges, broken 
by transverse passes, and separated by synclinal valleys. 
This contraction theory of the formation of mountain 
ranges is not only supported by considerations of a 
cooling globe, but by experiment * and by observation 
of their internal structure. Thus a general section 
across the Appalachian range in North America shows 
a succession of parallel folds, some tilted over, with 
the steepest sides facing towards the west. The sharpest 
bends are seen to be on the east, while the folds be- 
come less abrupt and gradually die out towards the 
west. These are just the results that would follow slow 
and long-continued powerful lateral pressure upon 
nearly horizontal strata, and the fact that the sharpest 
bends and greatest faults (not seen in the diagram) are 
on the east, and the steepest slope towards the west 
appears to indicate that the pressure came from the 
east side. It has been estimated that in the Appala- 
chians 155 miles of strata have been compressed into 
65 miles. Moreover, as this and other sections show, 
the folds have been to a great extent worn away or 
sculptured into new ridges and valleys by the denuding 
agency of the atmosphere, the frost, and the rain, 
and it is plain that this denudation went on as the 
chain gradually rose. While it is true, therefore, 
that the great mountain ranges of the earth have 
had their direction and general position fixed by* the 
great folds and faults due to lateral pressure, the 


^ Various experiments have been devised to illns^ 
trate the origin of mountain folds. Horizontal layeea 
of clay and sand separated by cloth have been $ub** 
jected to great lateral pressure, when they wesm fhmd 
to pass into folds and faults very similar to . 
in the internal structure of mountain chains# 
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present shape of a range, with every peak, 
the result of erosion. Moreover, all high 
young mountain chains ; for so grea^is 
the destructive effect of the denuding 
agents in the higher regions of the atmo- 
sphere, that the mountains of the earliest 
geological periods have been reduced to 
mere remnants of their former size. Thus 
the Snowdonian range of Wales is much 
older than the Himalayas or the Alps. 

‘ The chief features seen in the Apa- 
lachians are repeated on a grander scale 
in the Alps, On each outer side of a 
central ridge like that of Mont Blanc 
we have broad gentle folds of compres- 
sion ; passing inwards, these folds become 
closer and sharper; then follow violent 
inversions and crumplings where portions 
of early rock formations may be caught 
in the fields of later strata* At the centre 
the intense lateral pressure has caused 
the strata to open out upwards like a fan, 
while near the opening out, the folds are 
directed downwards. As indicated by 
the dotted lines, enormous portions of the 
strata have been worn away. * The pre- 
sent configuration of the surface is indeed 
mainly the result of denudation, which 
has produced the greatest effect in the 
central portions of the chain. It is pro- 
bable that the amount which is removed 
is nearly equal to that which still remains, 
and it is certain that not a fragment of 
the original surface is still in existence, 
though it must not be inferred that the 
mountains were at any time so much 
higher, as elevation and denudation went 
on together,^ * 

To sum up, the study of the great 
mountoin chains shows three great series 
of opemtions in their production 'Ihe 
stage in the development of a monn- 
consists of a slow and 
O^rinuttd subsidence of a part of the 
emt along an area of weakness, 
<momous quantities of sedi- 
jsnettt ¥. i^ttoral or shaflow-water origin 
are as strata on the sub- 
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pressures forcing the strata into folds and contortions. The third series 
of operations consists of the sculpturing action of the various denuding 
agents of the atmosphere, and these go on side by side with the elevation, 
folding, and fracturing of the strata. 

The extreme slowness with which the great folds of the earth’s crust 
are uplifted in a mountain range is proved by the existence of river gorges, 
or water gaps, cut directly across the range. The Potomac and Susque- 
hanna rivers, for example, flow directly across several parallel ridges of 
the Appalachians, and this indicates that these streams existed and 
flowed eastwards before the mountains existed ; and that the erosive action 
of the rivers kept pace with the slow upheaval of the ridges. 

Besides the elevated mountain ranges or folded snountains whose 
origin has just been described, we find other kinds of mountains. 
Volcanic mountains^ or mountains of accumulation^ such as Vesuvius, 
Mauna Loa, etc. These usually occur as detached masses, and are 
formed of the erupted igneous materials sent out of a vent communi- 
cating with the deeper parts of the crust. Their origin, structure, 
and distribution have been fully described in chapter vii. of the ‘ Ele- 
mentary Physiography.* 

A third kind of mountains may be called mountains of circum- 
denudation^ as they are entirely due to the denuding agents. Table- 
lands or plateaus, whether formed of horizontal or contorted strata, 
become, in the course of ages, trenched and furrowed by rain and 



Fig. 181.— ‘Strata nearly horizontal carved into HUU and Valleys, x, Silurian strata ; 
mountain limestone ; 3, Yoredale rocks ; 4, millstone grit. West Hiding of 
Yorkshire. 


river action, and the remaining portions are left as mountain heights 
with intersecting valleys. The harder rocks resist the frost and rain 
most successfully, aud thus remain the highest. Examples of such moun- 
tains of circumdenudation are found in Central Wales aAd on the 
tableland of Mexico. 

28*. Seismometiy and the Study of, Barthjuako Waves.— In chapter 
vii., pars. 168 to 171, of the *Elementaiy Physic^raphy will be found an 
account of the nature, distribution, causes, and efiects of earthquakes. An 
earthquake shock originates at a focus or centre of disturbance, and sets 
up concentric waves of elastic compression in the crust of the earth that 
spread outwards and reach the surface at very short intervals in widening 
circles (fig. 182). An earthquake wave travels most quickly and with 
most force through hard and compact rock, while a thick bed of sand or 
other loose material may absorb the wave in friction of the particles. 
Earthquake waves may hi passed on from the ground into the sea or other 
body of water* In some cases they originate beneath the bed of the sea* 
(to June 1$, 1896, a submarine earthquake, or seismic disturbanoei 
oiteiaiNiri b^^ the bed of the sea off the coast of Japan north of Tokio; 
It three successive waves, the Mghest fifty feet in height, whk^ 
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swept over the neighbouring coast, and in a few minutes produced fright** 
ful destruction of life and property. 



The study of earthquakes is caUed seis?noioiy (Clk. seismos, a shock). 
The centre of distui banco, or focus, is termed the seismic centre ; a line to 
the earth’s surface directly over the focus is termed the seismic milcal ; 
and the point on the earth's surface directly over the seismic centre is the 
epicentriim. A line drawn from any point on the earth’s surface to the 
focus forms with the seismic vertit-al the mgk of emergence at that place. 
By finding this angle the depth of the focus may he calculated. It seldom 
exceeds more than 30 miles. From the figure it is clear that at the 
epicentrum the wave strikes the surface soonc.sl, anrl that here the .shock 
comes perpendicularly from beneath. A.s we pass from the epicentrum the 
waves strike later and later and more and more obliquely upwards, causing 
both a horizontal and vertical movement in the earth’s crust. Points at 
the surface which receive the shock at the same time are called co-seismu 
points, and the irregular circular lines connecting these pjjints are termed 
co-seism ic iines, or co-seism ic eireies. In the case of the great Charleston 
earthquake in 1886, the co*.sebsmic lines formed ellipses round the centre 
of disturbance, /so-seismic lines are lines joining places where the intensity 
ot the shock is equal The most violent part of the earthquake is near the 
focus, and the intensity decreases as we pass from tliis. 

Owing to the ditferent kinds of rock through which the waves travel, 
the.se iso-.seismic lines seldom coincide with the co-si-ismic lines. 

A seismometer^ or seismopHiph^ is an instrument for recording the various 
particulars of eartlujuakc shocks. Various forms arc used. A common 
bowl containing a viscid thiid like treacle will leave a visible record mark 
on the side on ijcing disturbed by an elastic vibration of the earth’s crust# 
But the seismometers use<l in mrxlem ol>8ervnt<iries are camplicated in-* 
.struments that furnish a reconl of the time of an eiirtlumake, the amplitude 
and direction of the wave, and the angle at which it emerges from the 
ground. The essential part of the instrument is a point o? suspension 
which will remain steady tluring a shock. From this point is suspended a 
rod carrying a pen, which remains still Thin draws lines upon a plate 
beneath, that rests on the moving earth, and thus furnishes a recorcl of 
movement of the cruht.^ 


^ In one of Professor Kwing’s sedsmometers there are three pens that 
remain steady during a shock over a smoked , glass plate that moves with 
the earth. The pens trace the records of motions up and down, cast and 
west, and north and south* 
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The horizontal and vertical motion of the surface of the earth during a 
shock seldom reaches an inch, the destructive effect of an earthquake 
being due more to the jar of complex disturbance than to the actual 
lifting. The actual path of any particle of the earth in an earthquake 



Ho. sSs.-Map sjiowlne co^wismal and tso^wwmal lines of tlie Charleston earthaualee 
August 31 , i865. The figures attached to the co^eumal lines indicate the minutes 
after 3 p.m. The crosi marks the eplcentrum. The broke n lines are the m-uinm&k 
These d^rcated from the eploentrum outward. Note the effect of the rocks TtlVe 
Appalachian Mountains. 


shock is^ually small, but very complicated. It resembles n smaU tanked 
skem. The rate at which the wave travels near the centre of disturbance 
varies from 5000 to 20,000 feet a second. 

Some slight eartli-tremors detected by seismometer have been found to 
he proauocd by changes of atmospheric pressure, by strong wind, or bv 
explosions on the surface. ^ 
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Origin of Lakes 

283. Origin of Lakes. — A large number of lakes is found in districts 
that have been subject to glacial action. Such are Canada and adjacent 
parts of North America, Scandinavia, the mountainous parts of Great 
Britain and Central Europe. 

Glacial lakes owe their origin to (i) depressions in the surface of glacial 
drift ; (2) to deposits of glacial morainic material forming a dam across a 
river valley ; and (3) to the existence of rock-basins in the district. Some 
writers maintain that the rock-basins now occupied by certain glacier 
lakes were excavated by the glaciers that once nlled their beds ; others 
deny the excavating power of glaciers, pointing to the absence of such 
lakes in some glacier regions, as the sides of the Caucasus and Ilimalajjas, 
and asserting that the rock-basins have been hollowed out by other agencies, 
or produced by differential movements of the earth’s crust along lines of 
drainage. Thus the great lakes of North America are regarded as rock- 
basins occupying a part of an ancient river system, at the upper end of 
which depressions occurred in parts of some of the river courses. 

Besides the lakes of glaciated districts, many others exist due to various 
causes. Obstruction lakes may be caused by a barrier thrown acrojw a 
river valley by a landslip or stream of lava, the water accumulating until 
it flows over the barrier. Crater lakes are small lakes with no outlet 
that occupy the craters of extinct or dormant volcanoes. Slow subsidence 
of a plain, and the cutting off of a portion of the bed of a river, may also 
originate lakes. Subterranean lakes may be produced in calcareous distric ts 
by the chemical and mechanical action of water containing carbonic acid. 

Of iolt lakes there are two kinds : (o) lakes formed by a portion of the 
sea isolated by upheaval of land, as the Caspian Sea j 0 ) lakes that were 
originally fresh, but have become salt by evaporation and concentration of 
the inflowing water, as the Dead Sea and the Great Salt Lake of Utah. 

Fresh-water lakes have an outflowing stream, and serve as Alters or 
collectors of the sediment brought in by the inflowing stream. In course 
of time they will be filled up, and the river pass on m a channel Fresh- 
water lakes also serve in regulating the outflow of water, checking it in 
times of flood, and keeping it up tn times of drought. Most salt lakes 
have no visible outlet, the water disappearing by evaporation, and possibly 
in some cases by subterranean channels. 

The largest lake in the world is the Caspian {170,000 square miles), 
and the next in sise, Lake Superior (31,000 square miles). The hk^hest 
lakes are Horpo Cho (17,000 feet) and Askal (;h!n (x 6,000 feet) in Tibet 
and Titicaca (12,500 feet), in a valley among ihe lloHvian Andes. 
lowest lake is the Dead Sea, which Is 11^ feet below sea-leveL Ute 
Dead Sea, Elton Lake in Russia, and the Great Salt Lake ^ Utah 
tab the largest percentage of salt (25 per cent, for the flrst two, and ip 
per cent, for the last). Lake Baikal, a mountab lake b SIMP, Ip 
the deepest lake, its mean depth being S50 feet, and its msM wsth 
4000, feoi 

formation of a lacustrbe eleU» (Let., faeut, a lakek Is Mldbift in 
the Mtmmuxy Physiography,*^ P<Uf. «36). 
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CHAPTER XVIIL 

. ELASTJCITY’-WAVE-MOTIOir--ENERGY---MECffAmCAL 
EQUIVALENT OF HEAT— ‘PYROMETERS, ETC. 

284. Elasticity. — General Siatentent, Elasticity is that 
property of a body in virtue of which it requires force to 
change its volume or shape, and in virtue of which it exerts 
an internal force or stress that leads to the recovery of its size 
and shape when the external force is removed. 

When a body is compressed, stretched, or twisted it suffers 
a displacement of its particles, and is said to undergo a defor- 
mation or strain. In other words, a strain is a change in the 
size or shape of a body produced by an external force, and 
nhe property of exerting stress^ when strained is called 
elasticity,’ 

A body is said to be perfectly elastic when it returns exactly 
to its original volume, or, if a solid, to its original volume and 
shape, after the distorting force is removed. Glass and steel 
are practically perfectly elastic. If a body yields passively to 
a distorting force without exerting any continuous internal 
force in opposition, it does not recover its form at all, and is 
said to be inelastic or perfectly plastic. Putty and dough are 
pra.ctically so. Most bodies lie within these two extremes, 
being imperfectly elastic^ as they do not perfectly return to their 
original condition when the distorting force is removed. 

But a great number of things may be regarded as perfectly 
elastic When the distorting forces are small, i.e. within certain 
limits. The limit of distorting force that can be applied with- 
out, producing a permanent ^set,’ or without breaking a material, 
is called the limit of elasticity^ for that material 

* In the theory of elasticity, the term stress is sometimes used to denote 
the force producing a strain, but oftener to denote the internal resist^ 
ing force set up in a body that suffers strain. , The two forces are equal. 
Strictly speaking, a stress is a pair of equilibrating (equally balancing) 
forces. Every force is of the nature of a stress ; for it has a dual character, 
action and reaction being equal and opposite, as expressed in Newton’s 
third law of motion. 
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The idea that the more easily a body stretches the more 
elastic it is, so long as it regains its original shape, is very im- 
perfect. A body is said to have a high elasticity when it exerts 
a great internal force or stress on being subject to a given 
strain, a low elasticity when it exerts a small stress. Water has 
a high elasticity, and is, in fact, like all liquids, perfectly 
elastic. It requires great force to compress it into a smaller 
bulk, and the stress it exerts in resisting causes it to recover 
its original volume completely. India-rubber has wide limits 
of elasticity, but not so high a degree of elasticity as steel and 
glass within their limits. A glass or ivory ball allowed to drop 
on a smooth floor is partly compressed and partly altered in 
shape, as may be seen by smearing the floor with paint and 
noting the mark left, and the internal forces due to its elasticity, 
tending to restore its size and shape, cause it to rebound to 
nearly the same height as that from which it fell. 

When a force acts upon a body without moving it, it may 
alter its shape merely, or change its volume, or stretch it, or 
twist it. Corresponding to these different kinds of deforma- 
tion or strain^ we may speak of different kinds of elasticity. 
There is the elasticity manifested (a) in resistance to change 
of shape, ip) in resistance to compression, (c) in resistance to 
elongation, \d) in resistance to torsion or twisting. But there 
is one general law for every kind of elasticity, and this states 
that stress is proportional to strain^ Le, a double stress produces 
a double strain, a triple stress a triple strain, and so on. It 
was expressed in what is sometimes called Hooke’s Law in 
1676, in the phrase Ut tensia sic vis. 

Elasticity, then, is defined and measured by the ratio 

stram , 

The value of this ratio for different substances has been found, 
and is called the modulus or mjfficient of elasticity for that 
substance. (In Physics a coefficient or modulus is a numerical 
quantity, constant for a given substance, and used to measure 
some one of its properties). The modulus^ or coefficient <f 
elasticity of a suhstana is the number escpressing the ratio of the 
intensity of the humerMl value of stress >(of any kind) to the 
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amount of strain (of any kind) produced by that stress^ so long 
as the elastic limit is not passed. Each substance has its own 
coefficient, and each has as many coefficients as kinds of 
elasticity. Stress is measured by the force acting on a unit 
area of surface, as pounds or tons per square inch ; and strain 
is measured by the quotient found by dividing change of 
volume or shape by the original volume or shape. 


285. ^idity or Elasticity of Rigidity (Lat rigidus, stiff) 

is the resistance which a solid body offers to a mere change of form, and 
within the limits of perfect elasticity rigidity is measured by the ratio of 
the deforming stress to the resulting strain. The property of rigidity is con- 
fined to solids ; for liquids and gases offer no resistance to change of form. 

A distortion of a solid which is unaccompanied by a change of volume 
is termed shear or a shearing strain, A thick book undergoes a shear 
when it is pressed out of shape sideways along the top cover while the 
lower cover is held still. Thus a solid is sheared when its parts slip over 
one another in parallel planes like the leaves of a book when squeezed out 
of shape. 

Fig. 184 represents the original (a) and the sheared form {b) of a cubical 



block. In consequence of the shear, the particle K in (a) has been dis.. 

AA^ 

placed in (b) to A\ The ratio of the displacement to the depth, or 

An 

can be taken as the measure of the shear. Twice as great a deforming 
force will double this ratio. The shearing force may be applied to the 
face A B, while B c is held fast, or along the surface a d. 

Rigidity can therefore be defined as resistance to shearing stress, and 

the coeflScient of simple rigidity is equal to 

^ shearing strain 

Of ordinary substances steel possesses the greatest rigidity, its co- 
efficient of simple rigidity being above 5000 tons per square inch. 

286. Elasticity of Volume and Compressibility, --When a uniform 
prespre is applied all over the surface of a solid, it is compressed and 
diminishes slightly in volume, while the internal force or stress resisting 
the compression is called the elasticity of volume. As in other kinds 
pf elasticity, volume* elasticity is measured by its coefficient, and is 

Bxpreaed thus: coefficient of TOlume 
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stress is pressure per unit of area, and strain the comp-etsion or fraction 
expressing the diminution of volume or bulk. Elasticity of volume is the 
only kind of elasticity possessed by liquids and gases. The barometer which 
measures the pressure of the atmosphere also measures its elastic force. 

Compressibility is the property in virtue of which the volume of a body 
may be diminished by uniform pressure, and the measure of this property 
as possessed by various substances is expressed by the ratio of compression 
to the pressure producing it ; that is, in more general language, by the 

relation of the strain to the appropriate stress, thus This, it will 

be seen, is the reciprocal of the ratio expressing the elasticity of volume. 

Care must be taken to distinguish between the compressibility of a 
substance and the actual compression or diminution of volume produced 
in an experiment on a given volume of that substance. Compression is 
measured by the fraction found by dividing the change of volume by the 
original volume ; compressibility is measured by dividing the compression 
thus found by the pressure applied on each unit of surface, i.e. compressi- 
bility ss " — 77 . Thus, if the actual compression 

pressure applied per unit area ^ 

in a given case is and the pressure applied be one ton or 2240 lbs. 
per square inch, the compressibility is s/35 -i- 2240 = * while the 

coefficient of volume elasticity of this substance will be 11,200,000 lbs. per 
square inch. 

As all bodies are more or less porous, they are capable of being 
squeezed into less space by a uniform pressure applied to the whole 
surface. 

Gases are highly compressible 5 liquids are slightly compressible ; and 
solids still less so in many cases. 

The relation between the pressure and volume of a gas has been found 
by experiment, and the result is known as Boyle’s Law. It may be stated 
as folwws 

77ie volume of a gas varies itwersely with its pressure, when the 
temperature remains constant; consequently, by doubling the pressure we 
halve the volume, by trebling it we reduce it to one-third. It follows, 
therefore, that the volume^lastieUy of a ms is increased directly as the 
pressure; by doubling the pressure we double the elasticity. As com- 
pressibihty is the reciprocal of the ratio expressing volume-elasticity, the 
compressibility of a gas is inversely proportional to pressure. 

Boyle’s Law is not strictly true for all gases, and as a gas approaches 
the pressure at which it is liquefied the deviation from the law becomes 
greater. It is owing to the great compressibility of air that density at sea- 
level is so much greater than on the summit of a mountain. 

An example of the compresribility and e^ticity of bulk of the air is 
farttished by every sound-wave, for tnis consists of the passage of a state 
of eonmr«i»iott and dilation from layer to layer of the medium. 

The great compresriHHty of gases is now made use of in storing them 
le steel Oxygen can be obtained in such a cylinder under a 

ootaM^elcm of ijso atnu^pheres (one atmosphere » ,15 lbs, nearly), and 
tl^ «ter^ it innst* aeooroing to Boyles law* be reduced to the ^ part 
<1 the volume it oo<i^>ies In w , 
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thought that liquids were incompressible, but, by the aid of an instrument 
termed a piezometer (Gk. piezo^ I press), water and some Other liquids 
have been squeezed into less space, and their small compressibility esti- 
mated. The contrast between the compressibility of a liquid and a gas is 
well illustrated by the cases of water and air. Under a pressure of an 
additional atmosphere water contracts 0'00005 of its volume ; under the 
same circumstance air contracts one-half. 

The compressibility of many solids is still smaller than that of liquids, 
that of steel, for example, being ninety times less than that of water. A 
few solids, however, like cork and rubber, have a fairly large com- 
pressibility. 

286£z.^ Eesistance to Elongation, or Yoimg’s Modulus.— The strain or 
deformation shown by solid bars or rods when subjected to a stretching 
force or tension is termed longitudinal strain or elongation. The elonga- 
tion produced depends on the mature of the material, the amount of force, 
and the thickness of the bar. In fact, the fraction expressing the amount 
of elongation is directly proportional to the stretching force and ifwersely pro- 
portional to the sectional area of the rod. Now, as before, the elasticity 
manifested in resistance to elongation will be measured by the ratio 

longitudinal stress modulus of elasticity of stretching is the tension 

longitudinal strain * 

on a bar per unit area divided by the fractional elongation produced. This 
modulus, or ratio, is often referred to in practical mechanics as ‘ Young’s 
modulus.* 

A bar of wrought iron is elongated part when subject to a 

stretching force of i lb. per square inch of sectional area. Hence Young’s 
modulus of elasticity for wrought iron in pounds 
per square inch is 25,000,000. With a bar of 
any number of inches in sectional area, the 
.fractional elongation would be the same with 
the same tension on each unit of sectional area ; 
but with the same force on different bars of 
the same material, the elongation would be ip 
inverse ratio to the sectional area. Tables, 
giving Young’s modulus for different materials, : 
as well as other moduluses, will be found in 
works for engineers. 

287* Torsion. — ^Another kind of elasticity is . 
exemplified in torsion. Torsion is the act of 
twisting a thread or rod by a (lateral force, 
or, more exactly, the strain of a solid body 
by which parallel planes of it are turned round 
an axis perpendicular to them. Intermediate 
layers turn through angles proportional tq 
their distance from the fixed end. The 
elasticity of torsion and the laws of torsion 
have been determined by means of a torsion-^ 
balance. It consists essentially of a metal wire 
suspended vertically, and clamped at one end, A. 
To the other end is attached a metal sphere, % , 
i Fir.. i8s‘ to w^hich a pointer, or index, c, is fiat$tepe 4 * 

f ,Belpw the index is )a graduated circle,i ciX 1 
If a ibrce be applied acting in A plane perpendicular, to the axis , 
wire, it will turn the index throu^ a certain angle, called the if 
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torsion. On the removal of the. force, the wire will untwist itself and pass 
in the opposite direction. After a series of oscillations the wire will come 
to rest. Experiment proves that the oscillations afe Very nearly isochro- 
nous (Gk. isos^ equal ; chronos^ time), and that the angle of torsion is prch 
portional to the force of torsion. Within the limits of elasticity, the resist- 
ance of a rod or wire formed of different substances is — 

{a) In inverse proportion to the lensfth of the wure. 

{h) In direct proportion to the fourth power of the diameter. 

It is evident, from the last law, that bars or rods of some thickness 
often require a very great force to produce even small twists'. A very fine 
wire or a silk fibre can be twisted by a very small force. The laws of 
torsion enable us to use the torsion balance to measure forces of various 
kinds. By the aid of very fine quartz fibres, Professor Boys has been able 
to measure the attraction of gravitation of very small bodies, and thus to 
carry out a modification of a Cavendish experiment (par. 192) for finding 
the density of the earth, with apparatus occupying but little space. 

288. Wave-Motion. — If a stone is dropped into a smooth 
pond, waves are seen to travel out in all directions from the 
depression caused by the falling stone. If we watch a cork 
or other small object floating upon the wavy surface of water, 
we see it lifted up and down by the waves, but there is no 
movement of the general mass of water from the central 
starting-point. Each wave, as it glides under the floating 
body, moves it forward a short distance with its front; but 
as soon as the crest of water has passed beneath it, the 
body comes back to its former position. The wave consists 
of a travelling elevation followed by a travelling depression, 
each, particle of water merely rising up and down while 
describing a nearly circular path in a vertical plane ip Which, 
lies the line indicating the direction pf the wave, while the 
onward motion of the whole wave is due to the fact that 
each liquid , particle commences its motion somewhat later 
than the preceding one. It is clear, therefore, that we must, 
distmguish between .the motion of the particles constituting 
the wave, and the forward movement of the wave itselt 
By taking a few yards of rope and fixing one end, similar 
waves may be sent along it if we suddenly jerk the other 
end A wave or undulation,, therefore, may be defined as a 
state of vibratory motion transmitted progressively through 
the particles of a body, each particle moving through a short 
path, and returning to its former position after transferring its 
energy of motion to another particle, which acts similarly. 
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The wave-length is the distance from the top of one crest to 
the top of the next crest, a to or from one trough to the 
next trough, c to dy or from one particle to the next particle 
that is in the corresponding part of its course, ^ to / (not e to 
^). Any two particles which are in corresponding parts of 
their course, and which are therefore moving in the same 
direction and with the same velocity, are said to be in the 
same phase* The amplitude of a wave is the greatest diiference 



Fig. x86. 

in the positions of one and the same particle, or the distance 
between the top of a crest and the bottom of a trough, a to d. 

Wind-caused waves in the sea or a lake are similar to those 
described above, and consist of the alternate rising and falling 
of the water above its ordinary level, so as to produce a crest 
and a hollow, the wave passing horizontally over the surface 
as the particles of water rise and fall with a curved rhythmic 
motion. The greatest height of wind-waves seldom exceeds 
SO feet, while their greatest length is about half a mile. 

Water-waves, or the waves produced by jerking a rope, are 
called transverse waves, as they are produced by a vibratory 
motion of particles perpendicular or at right angles to the 
direction in which the waves travel. 

289. Sound-Waves in Air. — Sound is a sensation usually caused by 
waves of air striking against the tympanic membrane of the eat, the sound 
originating in some vibrating body. Sound cannot travd through a vacuum, 
for it requires some medium for its propagation. Air is the ordinary 
medium, but other gases, as well as liquids and solids, can convey soundu 
Consider what happens when a- bell is ringing. Each impulse of the 
sounding body is imparted to the molecules of air in contact with It, and 
these molecules press upon those near, producing a condensation of air- 
particles. As the vibrating body producing the sound reverts to its original 
position, the nearest molecules follow it, and rarefaction of air-particEjis la 
produced. A pulse of condensation is thus followed by a pulse of mro- 
faction, and these waves spread outwards in spherical shells (fig, jfiyjw 

In sound, therefore, the partidtea of jur travel difierently Arw fl# 
parbdes of water. Sound-waves consist of alternate condensabloua f rUH il, 
defections in the air, fhe air-particles having only small vibratoty ,xdti09il| 
hachwards forwards the wave-form passes onward Jit | 

WSfVea the vibratory metkats of the particles are at r^t ^ - , 
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direction in which the wave travels, and they are therefore called trans- 
verse waves. 

But sound-waves are longitudinal waves^ for they are produced by a 
vibratory motion of particles along the line in which the waves are propa- 


Fig. 187. — Mode of Propagation of Sound-Waves. 

gated, the particles of air undergoing alternate condensation and rarefaction 
in the same direction as that in which the air travels. Such waves are 
regulated by elasticity, for this is essential in a medium which is to 
transmit waves composed of condensations and rarefactions. 

Though water-waves are transverse waves and sound-waves longitudinal 
waves, there is a close analogy between the two kinds. In 6g. 188 we 
see in (I ) how the closeness of the lines representing the closeness of the 
air-^particlcs corresponds with the elevations and depressions in (2), a repre- 
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F|g» x 88.— Bhistrating Analogy between Wftter-Waves and Sound-Waves. 


sentation of a wave of elevation and depression. The length of an air- 
wave Is the dbtanee oc from a place of maximum condensation to the 
nextf 0? the distance between any two particles in the same phase, while 
the amplitude of the air^wave is the greatest distance between two posi- 
tiom of one and the same particle. 

Musical sounds are the result of regular periodic vibrations of the air, 
the pitch (high or low) depending on Xha frequency of the vibration. The 
greater the number of vibrations per second or the shorter the wave-length, 
tke hkher is the pitch, The loudness or softness of a note depends upon 
the amplitude of the vibrations, i^e. on the distance between the extreme 
petitions of one of the particles In a wave, or from a position of maximum 
condensation to a position of maximum rarefaction. 

ago, Badiation Waves in Ether.— Besides water-waves and air-waves 
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th^re are radiation waves transmitted by the unseen medium termed the 
ether — a highly elastic medium, possessing no appreciable weight, that is 
believed to occupy all space and to permeate all bodies (see par. 28). 
These radiation waves manifest themsdves as radiant heat or light or as 
chemical action, and as such radiations are capable of doing work, these 
ether undulations may be called waves of radiant energy. 

The three modes by which heat can pass from one body to another 
have been explained in chapter iv. of the * Elementary Physiography.* In 
the conduction and convection of heat ordinary material substances take 

E art, and the heat passes from particle to particle, or by a motion of the 
ot substance itself, carrying the heat with it. But in the radiation of 
heat, the passage of heat may take place not only through matter, but 
through a vacuum, and it does this in a manner and with a velocity quite 
different from those of conduction and convection. The process may be 
explained somewhat as follows : — 

The smallest particles or molecules of every body are believed to be in 
a state of vibration or quivering oscillation of some kind, and the hotter 
the body the more rapid the vibrations. 

These minute oscillating movements of the smallest particles of bodies 
may be called molecular vibrations^ and these molecular vibrations in any 
portion of matter may not only pass on from particle to particle, as in 
conduction, to equalize the rate of vibration and bring the mass to the 
same temperature, but the vibrating molecules of any body are able to set 
up undulations or waves of radiant energy in the ether which surrounds 
and^ permeates them, and those undulations travel through the ether in 
straight lines at an enormous rate. The undulatory energy derived from 
the vibrating molecules of a heated body and propagated through the ether 
is usually spoken of as radiant heat qr light, and radiation is the com- 
munication of undulatory motion from the vibrating molecules of a heated 
substance to the ether. The rays or radiations proceeding from a dark hot 
body are of the same nature as those proceeding from a light-giving body. 
Rays of radimit heat have all the physical properties of rays of light. 
They travel in straight lines, are capable of reflection, refraction, and 
polarization, and can be divided into different kinds by a prism just as 
light can be divided into its component colours. 

Consider a bdll of metal |:hat is being gradually raised to a white heat. 
At first it remains dark, and only radiates the longer invisible or dark heat 
rays. As the temperature rises we see some red rays, and both kinds of 
radiations are now emitted. On becoming hotter still, shorter or yellow 
rays are given off, until at last it glows white hot, and all the waves of 
the visible spectrum ape emitted. * , * . 

If mow we bring the glowing white-hot body before a slit in a dark 
screen and let the thin Beam of white light pass through a prism, we obtain 
a prisniatic spectrum or band of colours— red, orange, yellow, grwn, blue, 
indigo, and violet (see ‘ El. Physiog,* and * Adv. Physiog.*). By placing a 
suitable thermometer in different parts of the spectrum, we shall find that 
the light-giving power of the various radiations is not in the same proportion 
as their heating effects. The green rays are more luminous but have much 
less heating effect than the extreme red rays, and heating rays will bo 
found beyond the red where no light is visible. Many of the rays will alsi 
capable of affecting certain chemical compounds, and the existence 
of invisible rays beyond ^the violet end is shown by their chemical effect 'oiv 
such, a substance as silver chloride. 

Hence we learn that, besides the visible spectrum formed of variously 



Radiation Waves 


337 


coloured rays that all possess thermal, luminous, and chemically active 
properties, there are infra-red or dark heat rays, and ultra-violet or 
dark actinic rays. The most luminous effects, so far as the eye is con- 
cerned, are produced by the yellow rays ; the highest thermal effects, as 
shown by a prism of rock-salt, which is diathermanous or transparent to 
heat rays, are just below the red ; while the most chemically active rays, so 
far as most substances are concerned, are the violet and ultra-violet rays. 
But it must be remembered that the effects of the various rays depend to 
some extent on the nature of the substance upon which they fall, and that 
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Fig. 189.— Diagram of the Spectrum, illustratinj^ the respective Heat, Light, and 
Actinic Intensities at Various Parts. 


the same ray may affect the eye with the sensation of light, the skin with 
the sensation of heat, or produce a chemical change in some compound. 

The infra-red portion of the spectrum can be studied by means of 
lenses and prisms of rock-salt, and the presence or absence of infra-red 
rays can be readily shown by means of a thermopile. These dark heat 
rays can also be photograpned by a specially prepared sensitive plate. 
The ultrahviolet portion of the spectrum can be studied with quartz prisms, 
and some of these rays can even be made visible by allowing them to fall 
on a suitable fluorescent substance. When this portion of the spectrum is 
photographed, it shows many dark absorption lines additional to those hr 
the visible spectrum. The division of the solar spectrum into three dis’-^ 
tinct parts— ^ heat spectrum, a visible spectrum, and a chemical or actinic 
snectrum— 'is inaccurate and misleading, for all the rays have a greater £3^ 

heat effect, and by properly choosing the sensitive substance all 
of the spectrum can be photographed, though the violet and ultra* 
rays are those most effective on the sensitive plates of the ordinary ' 

grapher. In fact, all these radiations, whether they affect the eye as 
or are perceived as radiant heat, or are detected by their chemical activity, 
are of the same and merely differ in qualify^ They are all forms of 
energyt and consist of transverse %vave5 of ether of various wave-length. 
We already know (par, 72) that the luminous undulations increase in 
wave-length as we pass along the prismatic spectrum from violet to red,' 
and we can now see that this increase in wave-length continues beyond the 
red. Beyond the violet the wave-length of the rays diminishes. The 
visible spectrum include rays of about one octave (since tlic wave-length 
<k the extreme red is about twice that of the extreme violet), but the full 

n. ^ 
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spectrum from the lowest infra-red ray to the shortest ultra-violet ray 
is about seven octaves. The dispersion of the various radiation waves 
sent through the ether by a white-hot body so as to form a spectrum is 
due to the fact that the shorter the wave-length of any undulatory ray the 
more refrangible is the ray on being passed through a prism (see pars. 58 
and 72). In fact, the component radiations given out from a white-hot 
body ‘have different wave-lengths, or different times of vibration, or dif- 
ferent ' refran^bilities— for these three properties vary together— in virtue 
of which their paths, when they pass out of the glass prism, differ in 
direction ; and therefore they all spread out from each other into the 
graduated series of colours which Newton called the solar spectrum.’ 

291. Absorption of Wave-Motion.— Two tuning-forks may be tuned 
precisely to the same note, and thus have equal times of vibration. On 
sounding one close to the other, it will be noticed in a short time that the 
second fork has absorbed from the air some of the vibrations set up by 
the first, and is giving out the same note. A tuning-fork not giving out 
the same note could not be thrown into sympathetic vibration in this way. 
Again, if we press down gently one of the keys of a piano so as to raise the 
damper without making any sound, and then sing loudly into the instru- 
ment the note thus selected, we shall find the string corresponding to 
this note thrown into vibrations and giving out the note we sung. A 
neighbouring string would only respond feebly. We thus learn that a 
body capable of vibrations so as to produce a certain note readily absorbs 
such vibrations as it can itself give out. 

Not only can sound-waves be absorbed by being taken up by bodie.s 
that vibrate in unison with the sounding body, but ether-waves may be 
absorljed on being sent through the molecules of various bodies, and this 
absorption is in general different for rays of different wave-length, or, which 
is the same thing, of different refrangibility. It is on this account that 
white light generally becomes coloured after traversing a sufficient thickness 
of any substance. A transparent bqdy transmits all the waves of white 
light, and an opaque body stops all rays. But many liquids absorb certain 
rays only, viz. those which vibrate in unison with their own molecules. 
The spectrum formed by the light transmitted through such liquids is 
therefore crossed by dark bands corresponding to the colours or waves that 
have been absorbed. Thus a solution of blood shows marked absorption 
bands in the yellow and green. In the case of gases, the rays absorbed 
by them are clear and well defined, so that the spectrum of white light 
transmitted through them exhibit certain fine dark lines that show the 
rays that have been stopped. Glowing sodium vapour gives out a yellow 
light, and when tliis is examined after passing through the prism of a 
suitable spectroscope, two fine yellow lines only are visible* On trans- 
pitting white light through glovdng sodium vapour# the continuous spectrum 
is seen to be crossed by two fine dark lines in the exact corresponding 
positions, showing that the gas has absorbed the ether vibrations that have 
the same periods of vibration as those of the free vibrating sodium' 
molecules (fig. 65) 

The application of this principle of the absorption of the wave-motion 
of the ether is of great importance in spectrum analysis* T^e chief points . 
of this portion of physical s<;ience may be thus enumerated (for fuller 
details see Chapter I V.): ; . , , 

I, All white-hot solid or liquid, bodies give a continuous spwttum* * ! 

' II. Incandescent g^es^and vi^oprs- (unless lip^er great pre^re) gi^ 
spectra of bright lines, each gas or vapour having its ovm dimn& brlghi 
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lines* These lines increase in number and thickness as the temperature 
and pressure of the gas increase. Hence the study of a spectrum enables 
us to distinguish one substance from another, and teaches us the nature of 
its physical condition (see Chart of Coloured Spectra). 

III. Gases and vapours can absorb or quench the very same waves 
that they are capable of emitting when such waves are passed through 
them. Hence a spectrum crossed by dark spaces can teach us the nature 
of the absorbing vapour or vapours. 

IV. The spectrum of sunlight is crossed by dark lines (often termed 
Fraunhofer lines), because the light sent out from the white-hot surface of 
the sun has certain vibrations absorbed by the cooler vapours surrounding 
the sun^s white-hot photosphere. 

Such dark spaces are found not only in the visible portion of the 
spectrum, but in the infra-red and ultra-violet portions, as seen in photo^ 
graphs of these portions. 

A few of the dark lines of the solar spectrum are due to the absorptive 
effect of the oxygen and water vapour of the earth’s atmosphere. Thus the 
dark lines known as A and B at the red end of the spectrum are the result 
of the absorptive effect of atmospheric oxygen, while a set of dark lines or 
bands in the yellow are produced by the water vapour of the atmosphere. 
These last lines increase in width with the amount of water vapour, and 
are known as the * rain band ’ (see par. 7i)* 

292. Velocity of Sound-Waves and Waves in Ether, — Both sound and 
light travel at definite velocities, but the velocity of light or radiant beat 
is very great compared with that of sound. A cannon may be seen dis- 
charged at a great distance, and the flash is observed before the sound 
reaches the ear. By careful experiment it has been found that the’ velocity 
of sound in air at the freezing-point (0® C. or 32^ F.) is 1093 feet per 
second, and that the velocity increases nearly two feet for each degree 
Centigrade. The velocity of the radiation waves in ether is so great that 
special apparatus is needed in making the determination. By the methods 
deacribea in par. $5, the velocity of light and other radiation waves has 
been found to be a little more than 186,000 miles per second. 

293. Colour of Bodies.— The natural colour of bodies is , due to 
absorption. When white light falls upon a body, one portion of the rays 
constituting it may be absorbed. If the unabsorbed portion traverses the 
body, it is coloured and transparent ; if the unabsorbed portion is reflected, 
it is coloured and opaque. In both cases the colour depends upon the wave- 
lengths that We not been absorbed. Bodies reflecting or transmitting all 
colours in the proportion th^exist in the spectrum are white; those 

absorb all are black. The energy of the absorbed waves is con- 
verted into heat. When sunlight falls upon a red rose, the rose appear? { 
red because it is capable of reflecting red waves pnly. A red transparent 
body like red glass is red because it transmits few light-waves ^except 
the red. 

294. Aetim of Buit and Fine Partioles.— Atmospheric dust in country 

places consists of fine particles -of salt ficom the sea-spray carried by the 
winds, dust from volcanoes, meteoric dust, and combustion dust It has 
beep shown that the d,u8t ir^redients of the atmosphere play an importint 
part, for the condensation of thc aqueous vapour of the air, either as .fog, ■ 
mist or plottd, nearly alWfys stakes place around the dnrt-particles, or other 
solid nucleus^ floating in the air. i Withc^ut therefore, , 

for the watetrapour to dc«deb$e tfon, there would "hoatd clouds, . 
and no falling rab. jk^iti^^cubtq aep:t!bt$^tre 
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of air there are hundreds of thousands of dust-motes, and even in the open 
country many hundreds of them. 

The minute dust-motes also play an important part in scattering the 
sunlight, and so illuminating the atmosphere as to render the stars invisible 
by day. Light itself is invisible, and it is these particles which show us 
the path of a beam passing through a hole in a shutter. We shall now 
show that the blue colour of the clear sky is mainly due to the selective 
scattering of sunlight by the higher layers of the atmosphere, while the 
red and orange tints often seen at sunrise and sunset have a similar origin. 
The immense quantity of fine volcanic dust sent into the atmosphere during 
the volcanic upheaval at Krakatoa in 1883 reddened the light of the setting 
sun over a great part of the globe for months after the catastrophe. 

295. The Colour of the Sky and Sunset Effects.— When white light 
passes through a medium in which very small particles are suspended, two 
effects are produced — (i) the ether- waves of greater length (about the red 
end of the spectrum) are transmitted most freely ; and (2) the waves of 
shorter length (near the blue end of the spectrum) are reflected or scattered 
most abundantly. The light which reaches us from the open sky is that 
part of sunlight that has been reflected and scattered by the minute dust 
and water-particles of the atmosphere, and since these particles reflect and 
scatter more of the blue rays ot the solar spectrum, and we see the sky 
by the light thus reflected and scattered, it appears to have a blue tint. 
Were there none of these particles the sky would be colourless and appear 
black, since air absolutely free from dust and water-particles gives no 
sensation of colour to the eye. 

The white clouds often seen across a blue sky are white because, being 
composed of comparatively large particles of water, they reflect all the 
ether-waves or colour-rays in equal proportion. At sunrise or sunset, 
however, the sun’s rays have to pass through a layer of atmosphere thirty 
times thicker than at noon, and the particles in this layer scatter and 
reflect all the rays of shorter wave-length, letting only the longer orange 
and red waves pass through to the eye. The sky near the horizon, in the 
moriiing mid evening, is seen by transmitted light, and has a yellowish or 
reddish tint. A cloud near the horizon appears red because it simply 
reflects to the earth the transmitted longer wave-lengths it receives. On 
foggy days, even when the sun is on the meridian, it appears red from the 
same cause as in the morning or evening. 

The action of fine particles on light may be thus experimentally illus- 
trated. If we suspend very fine particles in a vessel of water, as by 
stirring in it a few drops of an alcoholic solution of mastic, the effect of 
light on very fine particles in a medium may be illustrated. On placing a 
black screen behind the glass and examining the liquid by reflected sunlight, 
it appears blue ; on allowing the sunlight to pass through, the transmitted 
light appears a yellowish-red- So our sky, seen through the atmosphere 
with its countless dust and water-particles, is blue when seen by reflected 
light, yellowish-red when seen by transmitted light-waves. 

296. The Mechanical Equivalent of Heat.— -Energy is said to be the 
power of doing work against resistance, and heal is believed to be a form 
of energy because it can do work, and because it can be produced by wotk. 
Thus, when we melt a piece of ice, work is done by the heat in loosening 
th^ molecules of the ice so that they are free to move over each othet in 
the form of water. Again, when two substances are rubbed togethe;, heat 
is generated from mechanical work. These and similar instances serve to 
show that when energy is expended heat may be produced, and vice versd, 
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so that we conclude that the one has been formed at the expense of the 
other, and that they are both forms of the same thing. 

The next question which then arises is, What is the actual relationship 
between the two ? 

The unit of work is the foot-pound (see ‘Elm. Physiog./ par, 39), 
2.^. the work done in lifting a pound weight vertically through one foot. 
Conversely, a pound weight in falling through one foot does one unit 
of work. 

^ The unit of heat may be taken as the amount of heat required to 
raise the temperature of one pound of water one degree Fahrenheit 
(i lb. water i° F.). 

Dr. Joule, of Manchester, in a series of experiments, was the first to 
determine the relation between the units of work and heat, a ratio known 
as the Mechanical Equivalent of Heat. In other words, the Mechanical 
Equivalent of Heat is the number of units of work that are equiV-alent to 
one unit of heat. It is often called Joule’s Equivalent, and denoted by 
the letter J. The most reliable of his methods was as follows : He took 
certain known weights and allowed them to fall through a certain distance, 
and thus ascertained the amount of w'ork done by these weights. In 
falling they were made to rotate a set of vanes or paddles in a known 
w’eight of water. This caused a rise of temperature in the water, which 
was determined by an accurate thermometer. 

Fig. 190 illustrates Joule’s apparatus, a is a polished copper vessel 
standing on some non-conducting material, containing a known weight 
of water which nearly fills it, In this vessel are immersed two delicate 
thermometers, which, however, are not shown in the figure, A vertical 
wooden spindle passes through the centre, and to this a set of paddles 
is attached. Fixed vanes are fastened to the sides of the vessel to 
prevent the water from spinning round, and so cut out that the revolving 
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wound up. again without revolving the paddles, and again, after inserting 
the pin, allowed to fall. This can be repeated as often as desiied* The 
work done by the weights is obtained by the product of their mass into the 
total height through which they have fallen, whilst the amount of heat 
developed is found by multiplying the weight of the water in pounds by 
the rise of temperature in de^ees Fahrenheit. 

Allowing for certain necessary corrections, Dr. Joule found that 772 
units of work were necessary to produce one unit of heat, ue. the mechanical 
equivalent of heat is 772 foot-pounds. (If, however, we take as the unit of 
heat the amount of heat to raise i lb. of water through C., the mechanical 
equivalent is 1392 foot-pounds. Or, taking a gram as the unit of weight 
and a centimetre, as the unit of length, and again using degrees Centigrade, 
the mechanical equivalent is 42,800 centimetre-grams. In this case the 
unit of heat is the Caloric, Le. the amount of heat required to raise the 
temperature of i gram water C.) 

Another method by which the mechanical equivalent of heat has been 
determined is by the compression and expansion of a gas. The piinciple 
is as follows : JVhen a gas is tcompressed, the work expended to do this 
produces heat, and consequently raises the temperature of the gas. ' The 
converse also is true. When a gas expands it does work against external 
pressure,, and this energy is supplied by the heat contained in the gas, and 
there is an absorption of heat, which lowers the temperature of the gas. 

The application of these facts to the determination of the mechanical 
equivalent is described in larger treatises on Physics. 

Other experimenters ha.Ve obtained results closely agreeing with those 
of Joule, whose determinations may therefore be taken as correct. 

(Capacity for Heat and Specific Heat are explained in the * Elem. 
Physiog,,' par. 63.) 

297. Conservation, Transmutation, and Degradation of Energy.— 
Energy has been defined as the capacity or power of doing work against 
resistance. Its two conditions or kinds, kinetic energy and potential energy, 
have been explained in chapter iii, of the ‘ Elementary Physiography,^ It 
has also been shown there that the different forms of energy, as heat, 
electricity, mechanical motion, etc., are capable of being transmuted or 
converted one into the other. Energy has also been shown to be inde-. 
structible, so that, although the form may be changed, the total amount of 
energy m tlie universe remains the same. The principle that the total 
energy of the universe is constant, and that no energy can be created or 
destroyed, is kno^ as the * Conservation of Energy.* 

When a moving bullet is arrested by a target, its kinetic energy of 
motion is mainly transformed into heat, and it has been prov^ that there 
is a definite numerical relation existing between energy expended and 
the heat produced as its equivalent. In fact it is always possible, when 
enerpr of moUon, electricity, etc., is converted into heat, to obtain, for everv 
772 foot-pounds of work so expended, the full heat-unit, but the inverse 
operation of converting heat-umts into their full mechanical equivalent is 
not possible, ^ 

Only a small portion pf the heat in the furnace of a steam-enfiine Is 
tniepl^KBioal wmdc, fer of it is merely spent in heifttinfi* 
substance , 

^ eimrgy, while ncme is 

' ^ ^ sizable j portion pmm aaleaii 
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for yielding work, A process is therefore continually going on by which 
the energy of the universe is gradually changing from a higher type t<> a 
lower, and the ultimate form must be that of heat so diffused as to give 
all bodies the same temperature. When this result is reached, it will be 
impossible to raise the smallest part of the energy of uniformly diffused 
heat into a more available form. 

The process of energy running down to less available formsi or from a 
higher type of energy to a lower, is called the principle of ‘ Dissipation or 
Degi*adalion of Energy.’ 

298. Tha Pendulum and its Chief Laws. — A body suspended so that 
it can swing freely backwards and forwards in a vertical plane is called 
a ^endtdum. 

A simple pefidulum consists of a small heavy body called a bob, 
suspended by a fine string of invariable length without weight. For 
practical purposes, a simple pendulum may he constructed of a small 
leaden w'eight attached to one end of a thread, whose other end is fastened 
to some support. 

On being disturbed from the vertical, it swings or oscillates to and fro 
in the arc of a circle. Consider the cause of its oscillation. At rest the 
bob remains in a vertical position, ^ ^ but on being drawn aside to 
it is raised a vertical height equal to ah^ and it thus becomes endowed 
with potential energy, i.e, energy due to its position. On releasing it, the 
force of gravity causes it to descend, and the length of the thread keeps 
it from getting lower than the point a. At a its energy is all in action or 


P 



Fig. i9X.'-lllustration of Pendulum Motion, 

kinetic, and the exact equivalent of that originally imparted to it. It is 
this kinetic energy which urges it on against gravity up to c, where it is 
exactly at the same height as it is at A Once again its energy is potential 
only, and, another swing begins. 

If there were no friction, the pendulum would continue to swing in an 
arc of the same size indefinitely, but the friction of the string at the point 
of support, and of the bob itself in the atmosphere, gradually reduce the 
.size of the arc, and at last bring the boh to rest. But though the mechanical 
energy of the pendulum is thus lost, there is no real loss of energy, for that 
of moiion has been converted into heat energy through friction. 

A pendulum thus affords a good illustration of uie two kinds or con- 
ditions of cner^, potential and kinetic, as well as an example of the 
transmutation of the mechanical energy of motion into the molecular eneigy 
of ht&U 

A single swing, or the motion of the pendulum through the arc dac,h 
termed a vibratton or Qsdlhtion, and the time of a single swing, the period 
of vibration. The time of a complete swing or ‘ swing-swang * is some- 
times called a complete peripd of vibration. 
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The laws of the simple pendulum are — 

(1) The time of vibration fora pendulum is independent of the substance 
of the bob. 

(2) The time of vibration of a simple pendulum is independent of the 
length of the arc, provided the arcs are small. 

{3) The time of vibration of a pendulum varies directly as the square 
root of its length. 

(4) The time of vibmtion varies inversely as the square root of the force 
of gravity. 

The first law can be proved by attaching bobs of different substances 
to tlie same string and observing the time of oscillation. 

The second law can be proved by making the bob swing — (i) to one 
inch on each side of the lowest point, (2) then to two inches on each side, 
when the time of swing will be found the same. Another mode of express- 
ing this law is, The motion of a simple pendulum is isochronous (Gk. 
isos^ equal ; chroms, time). 

The third law can also be proved by experiment. On lengthening the 
thread, it will be found that the vibrations become slower, and if we wish 
the vibrations to be twice as slow we must make the thread four times as 
long ; to make three times as slow, nine times as long, and so on. 

The fourth law is verified by observation and mathematical proof. It 
is found that a pendulum of definite length swings more rapidly near the 
poles than near the equator, where the force of gravity is less (see * Elem. 
Physiog.j’ par. 18) ; and more rapidly at the level of the sea than at the 
top of a neighbouring mountain. 

A seconds pendulum is a pendulum whose single vibration or swing has 
a period of one second. It follows, from the fourth law, that any alteration 
in the force of gravitation must alter the time of vibration. As the force 
of gravitation increases as we pass from the equator to higher latitudes, it 
is evident that the length of the seconds pendulum varies at different 
latitudes. Thus a pendulum beating seconds at the equator has to be 
lengthened by as much as one-fifth of an inch to beat seconds at Spite- 
bergen, for there the force of gravity is stronger. At London the length of 
the seconds pendulum is 39*139 inches, but at Sierra Leone, 39*02 inches. 

It is shown in treatises on mechanics that the time in seconds of a 
single vibration may be found by multiplying the ratio of the circum- 
ference of a circle to its diameter by the square root of the fraction repre- 
senting the ratio of the length of the pendulum to the force of gravity, #>, 
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(For the time of a compute vibration we take 
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If, therefore, we measure the time and length, the value of^, 

which is t^e accelerating force of gravity, can be determined by the above 
equation. The pendulum is, in fact, the most accurate way of finding the 
value of g at various latitudes. At Spitzbeigen the value of g is 32*253 
feet per second ; at London, 32*19 5 at Sierra Leone, 32*09 feet per second 
^ ; ' Tlte pendulum is also used to determine the density or waght of the 
^^^.(seepar. 193). 
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ordinary maximum and minimum thermometers described in the *Ele^ 
mentary Physiography,’ par. 51 , For special work, as taking the tem- 
perature of the deep sea, the temperature at great depths in the earth’s 
crust, etc., special forms are used. 

^!eg^eui and Zambia’s deep-sea thermometer consists of a mercurial 
thermometer having a cylindrical bulb. Just outside the bulb the tube 
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nwf Tharmometer, at uied in Oorsiany. 

ii contracted, *o that the mercwy will not fall down by ^Dity when the 
bulb if upward# (tee %. xpa)* lihe top of the tube^ c, ti expanded into 
a Bmill reiervolr. 

When placed bulb downwardi, the niiercm 7 eafipWBdf or ^13« with 
ineretie or decrease of tmuMature, as In the oumtsiv themomet^. 
The temperature at any paitmlar time can be by turmng tlte 
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bulb upwards, when the portion of mercury above the constricted neck of the 
bulb tails to the other end of the tube, which, reading upwards, is graduated 
so as to register the exact amount of mercury separated when the instru- 
ment is reversed. When used as a deep-sea thermometer, it is sent down 
bulb downwards, enclosed in a stout glass tube to protect it from the 
enormous pressures at great depths, while tube and thermometer are con- 
nected with a reversing apparatus, so that the bulb is turned upwards when 
the sounding-line begins to be drawn up (see ‘ Elem. Physiog.,* par, 179). 

For finding the temperature in the earth’s crust, the instruments used 
are either slow-action thermometers, over-flow thermometers, or some form 
of maximum thermometer (fig. 192). 

Slow-aciion thermometers are instruments surrounded with stearin, or 
some other badly conducting material, which prevents any but a very 
slight change whilst the instrument is being drawn from the bore-hole to 
the surface. 

Overflow therpiometers consist of ordinary mercury thermometers open 
at the top. As’ the' temperature rises when this instrument passes deeper 
into the earth’s cruist, the mercury rises and overflows at the top. When 
drawn up, the maximum temperature it hhs reached is found as follows : 
the temperature of the instrument is raised by being placed in a bath of 
water until the mercury just reaches the top. The temperature of the 
water will then give the maximum temperature reached by the overflow 
thermometer. 

The results of inquiries into the temperature ot the earth’s crust have 
been given in par. 271. 

Lines drawn, through points in the earth’s crust having the same 
temperature are called iso^eotherms or geo^sotherms. At present the data 
for drawing such lines are scanty, but there is evidence to show that 
beneath the ocean floors covered with ice-cold water, and in Arctic regions, 
the ifaogeotherms are depressed and crowded together, while under the 



Fig. 193.— Ceo-isotherms, or Lines of Equal Temperature beneath the earth’s cruse ; wider 
apart beneath a mountain, closer together beneath a sea. 


areas exposed to the atmosphere, and especially beneath mountains, the 
isogeotherms are more separated. 

300. Pyremeters and the Measuremeiit of High Temperatures.— 
As mercury freezes at —40'’ C. and^ boils at 350® C., it is obvious that a 
mercurial thermometer is only available for temperatures between these 
.limits. ' The measurement of temperatures, then, higher than 35<^ and 
lower then -40° C. must be done in some other way. There are three 
h^f^ods'l:^ which this may be done. Instruments for measuring high 
' tespperatures are called j^ometer^ fire 5 metroftf a measure). 

' The first method is by means of the instrument known as an * 
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thermometer^^ the use of which depends on the fact that between certain limits 
gases expand very nearly the same amount for equal changes of temperature. 
A simple form of this instrument is 
shown in the figure. The bulb a, 
made^ of certain refractory clays, 
contains air under reduced pressure, 
and there is a vacuum over the mer- 
cury in the tube M. The stem of M 
this tube is giaduated with tempera- 
tures which have been obtained em- 
pirically by heating the bulb to two 
or three well-known high tempera- 
tures, e.g. the melting-point of silver, 
etc,, and then constructing the scale 
by interpolation. 

Better and more accurate methods 
are those which involve the use of the 
platinum-resistance pyrometer, or the 
use of the thermo-electric couple. 

Platinum^resisiance Pyrometer, — 

The most improved form of this in- 
strument is that devised by Callender 
and Griffiths. The principle of its 
action is as follows : A wire through Fig. 194. 

which an electric current is passing 
offers a certain resistance to the latter, just as a conduit pipe resists to 
a greater or less extent the flow of water through it.' For the same wire 
the resistance increases with the temperature of the wire, hut for a definite 
temperature the resistance is always the same. A coil of platinum wire, 
properly protected and mounted in a porcelain sheath, is introduced into 
the S]pace or substance whose temperature is to be ascertained, and the 
electrical resistance of this coil is measured by an apparatus known as 
Wheatstone’s Bridge. The temperature corresponding to this known 
resistance is obtained from a table previously constructed by experiment 
(The platinum-resistance thermometer has also been used to measure the 
very low temperatures at which such a gas as oxygen is liquefied qnder 
enormous pressure, - 130® C, under a pi'essure of 470 atmospheres). 

Therma^eUctric Xt , has long, been known that if a junction 

of two metals be heated electric currents are generated, and the electric 
pressure thus produced afford- a means of 
estimating the temperature of the junction. 

A simple form dt the thermo-electric couple . 
is shown in the figure, a and fi are two ' ‘ 
wires, one made of platinum, the other of 
an alloy of platinum and iridium twisted 
together at their ends or soldered with 
gold. They are connected by means of a 0 * 
wire to an instrument called a ‘galvano- 
meter,* bv means of which the electric 
pressure is measured. The pyrometer is 
previously calibrated by exposing the thermo- 
lunctions to certain known temperatures, and thus a table showing the 
oom^ndingelectrio peesures is drawn up. 

]miesiorlRo&«rts«iiUffl^ who has usea this method to a large extent, 



Fio. *95.— Thermo-electric 
Couple. 
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is satisfied that by this means trustworthy results, accurate to C. at 
temperatures at over looo® C., can be obtained. 

The following table gives a list of a few important temperatures 
obtained by one or more of the above methods : — 



Boiling-point of water 
Melting-point of lead 
Boiling-point of mercury 
Melting-point of zinc 
Boiling-point of sulphur 
Melting-point of aluminium 
Melting-point of silver 
Melting-point of gold 
Melting-point of copper 
Melting-point of platinum 


301, Determination of the Dew-Point.— The envelope of 
arir surrounding the earth consists of {a) certain gases (nitrogen, 
oxygen, and a little carbon dioxide), (^) water-vapour. These 
exist independently of one another, and, so far as quantity 
and vapour-tension are concerned, the formation and con- 
densation of water-vapour goes on just as if these gases 
were absent. It is merely a matter of convenience to speak 
of the air containing so much water-vapour. A given space, 
whether containing any gas or not, can only hold a cer- 
tain amount of water-vapour, the amount depending upon 
the temperature of the space. Much more water-vapour, 
therefore, can exist in hot air than in cold air, for increase 
of temperature causes an increase of vapour-tension, or power 
to resist condensation. 

At all temperatures there is a maximum limit to the quantity 
of water-vapour that can be present in any space, and when 
this limit is reached, the air (or more properly the sj^ce) 
is said to be saturated. If the temperature of the saturated 
air or space is lowered, condensation of the water-vapour 
begins. 


The terms ♦ dryness* and * moistness,* as applied to the air, are merely 
relative, and indicate the proportion of vapour present compared witJb 
that which could be prSent at the given temperature. The 
of the air is expressed by slating how many parts of wateT'-vapow m 
contains out of a maximum of 100 at the observed temperatwe# 

|(f we say that the humidity of the air on a certain day is 50^ 

> it contains only 50 per cent, of the vapour that it could t 
would be *dry.* A hfnarddity near 65 is one that is 

Ajr near of saturation is called ^ 
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damp,* not because tliere is a large absolute quantity in it, but because 
nearly as much as it can at that temperature. 

/r'T. ? instrument for finding the humidity of the air is called a hygronuter 
■ £ moist ; metroft^ a measure). The principle of most hygrometers 

IS first to determine to what temperature the air must be cooled down 
oeiore condensation of water-vapour b^ins, 

which condensation begins is called the 

A simple way of finding the dew-point with fair accuracy is as follows ; 
rake a flask or bnght metal cup, pour in.a little water, and place in the 
water a small thermometer. Now add ice little by little so as to reduce 
the temperature gradually, and note the temperature of the water when 
the first fine drops of dew form on that part of the outside of the vessel 
bel(W the level of the liquid^ within. This temperature is the dew-point. 

Une well-known form of instrument for finding the dew-point is Daniell’s 
hygrome^r. This consists of two glass bulbs connected by a tube bent 
twice. The bulb a (fig. 196) is two-thirds full of ether, and a very delicate 
thermometer is placed in it. The rest of the space contains nothing but the 
vapour of ether, for the ether was boiled before the bulb b was sealed. The 
bulb B IS covered with muslin. In using the instrument to find the dew- 
point, ether IS dropped on the bulb B, and as this evaporates it cools the bulb 
and condenses the vapour in it. Ether now evaporates from the bulb A, 
t^o go on condensing in B as the dropping continues. The evaporation 
from A causes the bulb a to become cooler, and at last the temperature of 
the air around a falls until its vapour 
saturates it and beg|ins to be deposited 
as dew on the bulb a. The tempera- 
ture at this point, as indicated by the 
thermometer inside, is the dew-point 
for the surrounding air. Owing to 
the difficulty of deciding the exact 
moment at which deposition of dew 
begins on we cease dropping the 
ether and wait until the moisture dis- 
appears* The inside thermometer is 
then again noted, and the mean of the 
two observatio;is of this thermometer 
is taken as the dew-point. The tem- 
perature of the outside air at the time 
of the experiment is indicated on the 
stem of the instrument* 

Having found the dew-point, and 


Fig* xpe. 

a table, the pressure of Vapour at 15® 

C. is rs‘69 mm. of nserrayt and at ic^C* it is only 9*15* This shows 
tk$X the air at the time of the experiment migjxt have had a vapour- 


kpowmg the temperature of the air, 
tlie reliStive humidity or hvgrometric 
condition of the air can be aeduced by 
the help of tables, which give the 
saturation pressure or vapour-tension 
of the air at dififerent temperatures. 

Suppose, for example, that, when 
the air is at 13® C., the dew-point is 
found to bo *0^ C* By reforence to 
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pressure of 12*69 it saturated (maximum humidity 

rr 100), but its actual vapour-pressure was only 9*15 mm. As the quantity 
of vapour is directly proportional to the tension, we get the following 
proportion: If a vapotir-tension of 12*69 nam. is represented by lOO, 
what does a vapour-pressure of 9*15 mm. represent? ^ 


12*69 : 9*15 : : 100 : ^ (a? = 72 nearly) 

The relative humidity is thus 72 per cent . ; that is, the air is but about 
seventh-tenths saturated. ^ 

There is another way of finding the relative humidity when the dew- 
point is known, and when we know the greatest amount of water- vapour' 
that can exist in a given volume of air. Thus, suppose the temperature 
of the air on a given day is 20® C., and the dew-point is 10® C. In a 

litre of air at a barometric pressure at 
760 mm., there can exist 0*0x71 gram 
of water-vapour, and in a litre of satu- 
rated air at 10® C. there is 0*0089 grm. 
Hence if maximum humidity (100) 
requires 0*0171 grm., what humidity 
does 0*0089 grm. ? 

grm, grm. 

0*0x7 * 0*0089 : : xoo :x(x=!$z nearly) 

The relative humidity in thU case 
Is 52 per cent. 

As already remarked, it is on this 
proportion, and not on the absolute 
amount of aqueous vapour, that our 
sensation as to the state of the atmo- 
sphere — ^moist or dry— depends. 

Another form of hygrometer is 
known as Mason^s hygrometer. It is 
very simple, consisting of two similar 
thermometers placed side by side on 
a stand seveml inches apart. One of 
them has its bulb freely exposed to the 
air, and i.s called the ‘diy-bulb ther- 
mometer ; ’ the other, called the ‘ wet- 
bulb thermometer,* as its bulb is kept 
moist by being connected through 
cotton wick with a small vessel of pure 
water (see * Elem. Fhysiog.,*par, 200), 
A mere comparison of the two 
readings shows whether the air is moist 
or dry, for the evaporation of the 
moisture on the wet-oulb reduces Its 

TTrr tcmperaturc, and the drier the air the 

Fig. I97-— Mason 8 Hygromewr. ^ evaporation; If 

moist, the readings will be very nearly the same ; if dry, the readl:^ of’ 
the ‘ wet-bulb * will be lower by four or more degrees than that oT tha« 
Mry-bul.b»* , ‘ 

The dew-point is not dven directly by Mason’s hygrometer as it Is by 
Dflttfiell^/ bubit cUn be Obtained from the results^of the< two xhadhifi b|^ 
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calculation.^ When the temperature of the airjis near 12 ° C. (S3 ‘6® F.), 
the dew-point lies about midway between the two readings. 

When the dew-point is found, the relative humidity can be ca,lculated 
os before, ^Tables.haVe also been constructed giving the humidity for a 
depression of any number of degrees of the * wet-bulb * for each degree of 
temperature of the ‘dry-bulb.’ - . 

302. The Formation of Dew. — Dew is moisture deposited 
mostly in the form of tiny drops on exposed objects that have 
been chilled by radiation of heat. A certain part of this 
moisture is extracted from the air, for the chilled object cools 
the adjacent air below its point of saturation (dew-point), and 
the film of air in contact with the object gives up a portion or 
its water vapour, and this condenses upon the object in tiny 
globules of water. If a tumbler be filled with ice-cold water 
and taken into a warm room, its dry outside soon becomes 
dim and moist with water condensed from the surrounding 
air. This is similar to the formation of dew. 

At night the earth and objects upon its surface are 
cooled by radiation, and if the night is clear the radiation of 
heat is sufficiently rapid to cause the surface of such objects 
as wool, trees, and grass to sink to a temperature below the 
dew-point of the adjacent air, and dew is deposited upon 
them. Rocks and soils and bright metallic objects lose their 
heat more slowly, and are therefore less copiously covered 
with dew. An important cause influencing the production of 
dew is the state of the atmosphere. A cloudy night not only 
checks radiation from the earth, but the clouds radiate back 
almost as much heat as they receive from the earth. The 
atmosphere must also be still, or the air in contact with the 
earth will be carried away before it has had time to be cooled 
below its dew-point. Hence there is no dew on cloudy and 
windy nights. , 

If the dew-point of the air is below the freezing-point, 
the excess of water vapour is deposited in delicate ice-crystals, 
that form hoar-‘fro$t The above is Dr, Wells’s theory of the 
formation of dew, explained in 1814. Recently Dr. Aitken 
has shown that though the chilling of exposed objects at night 
by radiation is the cause of dew, yet all the moisture found on 
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objects is not extracted from the air, but that some of it has 
risen from the ground, and in the case of plants some of the 
water upon their surfaces has been breathed out by the plants 
and then retained or condensed upon their cool surfaces. 



Appendix 35 3 

% 


APPENDIX 


The Creek Alphabet— Capitals and Small Letters. 


Letters 

Names 

Letters 

Names 

A 

a 

Alpha. 

N 

V 

Nu. 

B 

)3 

Beta. 

H 


Xi. 

r 

7 

Gamma. 

0 

0 

Omicron. 

A 

S 

Delta. 

n 

m IT 

Pi. 

E 

c 

Epsilon. 

p 

P 

Rho. 

Z 

i 

Zeta. 

s 

(TS 

Sigma. 

II 

V 

'Eta. 

T 

r 

Tau. 

0 

be 

Theta. 

r 

u 

Upsilan. 

1 

t 

Iota. 

4> 

(P 

Phi. 

K 

H 

Kappa. 

X 

X 

Chi. 

A 

A 

Lambda. 

w 


Psi. 

M 

M 

Mu. 

n 


Om^. 


Time Constants 

H. M. S. 

The sidereal day * 23 56 4*090 of mean solar time. 

The mean solar day *24 2 $6 '556 of sidereal time. 

To reduce a time-interval expressed in units of mean solar time to units 
of sidereal time, multiply by 1 *00273791 } 

To reduce a time-interval expressed in units of sidereal time to units 
mean solar time, multiply by 0*99726957. 

D. H. M. S. 

Tropical year (Leverrier, reduced to 1900) 365 5 4S 45*51 

Sidereal year „ „ „ 365 6 9 §*97 

Anomalistic year „ „ „ 365 6 13 48*09 , 

Mean synodical month (new moon to new) 29 1 2 44 

‘ ‘ 21 1 43 n‘S 4 S 

. 27 7 43 4*68, 

. 27 13 18 37*44 ' 

• 27 5 s 85*31 


o / 

. 23 27 08 

50*264 
, 9*223 

. 20*492 

S*S 
57 37 


Sidereal month n a 

Tropical month (equhKXx to equinox) . 
Att&tfdistic month (per%ee to perigee) 
Nodical month (node to node) . 


Obliquity of the ecliptic (Leverrier) 
Oowikttt of pr6c^<m (Struve) 
Cemstantof r 

Goi»|tant of abeiw^W # 3 ^en) 
equatorial 
mean 
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Trigonometrical Functions. 

In a triangle the ratios of the sides remain the same as long as the 
. angle remains unchanged, and the magnitude of the angle is determined 
in Trigonometry by certam ratios called the Trigonometrical Functions. 



Let S o B be an angle less than a right angle, and from the point P in 
0 E let p M be drawn perpendicular to 0 s. The side o p which is opposite 
the^ right angle is called jthe hypotenuse. Then the ratio of M P to the 
radius o p is called the s>ine of the angle at 0. This ratio is the fraction 

or number If the angle at o be small, the perpendicular 

becomes small, and the above fraction is small. It will therefore be seen 
that the value of the sine increases as the angle increases. The ratio of 
0 M to o p is called the cosine of the angle at o, and may be expressed by 


the fraction The ratio of the side M p to the side o M in 

called the tmgent of the angle at O. 


Thus (I) MP^ perpen dicular 
o p hypotenuse 


“Sin SOB. 


( 2 ) 


0 M 

=7 

OP 


base 

hypotenuse 


» cos s o E. 


/ . M p perpendicular 
ok” base 


tan so E. 


These ratios are mere fractions, and their values vary with the rise of 
the angle. In, mathematical tables the value of these ratios for ancles of 
all size may be found. For .a very small angle, not exceeding i® or a®, 
the reader will easily see that the perpendicukr M P is practically of the 
same length as the arc T p, and as the fraction arc, divided by rcidius, is 
the circular measure of an angle, the value of the sine and tangent of turii 
an angle are the same as the angle itself when expressed in circular 


measure (par. 3 ). Thus an angle of 20 " is in circular measure 
and this is also the value of the rine and tangent of the angles 


20 
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Geological Chemistry. 

The following article on ' Geological Chemistry,’ by F. \V. Rudler, F.G.S., 
is reprinted from the new edition of Watt’s * Dictionary of Chemistry,’ 
most of the references, however,, being omitted. ‘ Since geology is a 
science which deals primarily with the constitution and history of the 
earth, it is evident that there must; be many points at which it comes into 
relation, directly or indirectly, with chemistry. Much of geological science 
i.-. devoted to the study of rocks ^ or those large masses of mineral matter 
which build up the crust of the earth. The chemist is of service to the 
geologist not only in analysing these rocks, or the mineral species of which 
they are composed, but in explaining some of the processes by which the 
locks themselves may have been originally formed, and in tracing the 
nature of the alterations to which they have been subjected since their 
formation. Hence the geological chemist gives special attention to those 
natural processes of rock-formation in which chemical reactions are involved, 
and he endeavours to imitate the operations of nature by experiment in 
the laboratory. The experimental method was first introduced into 
geology by Sir James Hall, of Dunglass, who, in order to explain the 
oiigin of certain crystalline limestones, subjected pounded chalk to a high 
temperature in closed gun-barrels, and obtained, under certain conditions, 
a ‘ciystalline mass of carbonate ^ of calcium somewhat resembling a 
saccnaroidal marble. It must be remembered, however, that much of the 
experimental work recorded in the literature of chemical geology refers to 
the synthesis of minerals lather than of rocks. A rock may, it is true, be 
composed of only a single mineral, but in most cases a rock is an aggregate 
of several distinct mineral species, and although the synthesis of each 
constituent may be successfully effected, it by no means follows that' this 
work will throw light upon the origin of the composite rock. 

Analysis of Rocks. — The simplest method is of course to analyse the 
rock as a whole, and in the case of a very fine grained rock in which it is 
impossible to separate the mineral constituents individually, this is the only 
available method. The interpretation of the results of such an analysis 
requires, however, considerable sagacity, more especially if the constitution 
of the rock be complex. Two rocks, distinct in composition, such as a 
granite and a trachyte, may give the same bulk-analysis, while two rocks 
of similar mineral composition may yield different analyses. When the 
oxygen' ratio, or ^uantivalent ratio, of a rock is known, as also that of each 
of its mineral ’ components, it may be possible to calculate the percentage 
of each mineral in the rock. 

Methods of fractional analysis have been introduced for the purpose of 
effecting a chemical separation of the constituents of certain rOcks. Gmelin, 
in his analyses of j phonolites, was perhaps the first to separate the part 
soluble’ in hydrochloric acid frotn that which was insoluble, and to analyse 
each separately. Grave objections may, however, be urged against this 
method, and it is now rarely used. More trust worthjr results have been 
obtained by treating the rock, if composed of various silicates, with hydro^ 
fluoric acid, which attacks the several minerals in unequal degree. Such 
a method is sometimes useful ip controlling a bulk-janal;^is. I 

Of late years considerable use has been made Of certain dense liquids 
for the purpose of effecting the rheChanical separation of the xhinerals TOich 
compose a rock, in order that each constituent may be isolated in a state 
of purity for sepirdte analysis. The S.G. of the liquid is so adslusted that 



Appendix 


357 


when the rock is coarsely powdered anji thrown into the li(|uid, certain of 
the minerals ilpat while others sink. Several such, liquids are now in 
common use in the geological laboratory (iy*. J. W. J-add^ JProc, Geology 
Assoc, viii., 278; and F.,Rutley, Rock-f arming Minerals y London, 1888). 

Sonstadt’s solution, recommended by Church, consists of a solution of 
Hglj and KI ; it may be obtained with S.G. 3*196. It is also known as 
Thoulefs solution. , If a rock consisted of plagioclase with S.G. 2*7 and 
au^te with S.G. 3*1, and these minerals were set free by mechanical dis- 
integration of the rock, a complete separjation might readily be effected^ in 
Sonstadt’s solution with S.G. of about 3. The poisonous and corrosive 
character of the solution, however, tends to limit its use. 

The mechanical separation of the constituent minerals of a rock, pre- 
vious to chemical analysis, is aided by the use of a powerful magnet. With 
an electro-magnet of great power, silicates rich in iron, such as horn- 
blende, augite, and biotite, may be picked out of the pulverised rock. 

Hicro-^emical Examination of Eocks. — ^The microscopic examination 
of thin sections of rocks, which forms an important branch of modem 
petrography, has led to the introduction in recent years of certain micro- 
chemical tests for distin^ishing one mineral species from another. The 
micro-chemical methods do not aim at effecting a complete analysis of the 
microscopic constituents of a rock, but are used rather for the purpose of 
controlling optical determinations. 

The rock may be coarsely powdered in a steel mortar, and the particles 
to be examined after separation of the fine powder by a sieve may be 
picked out by aid of the forcej^s, or if too small may be removed the 
point of^a needle moistened with glycerine, from which the accumulated 
grains may be detached by dipping the needle into water. Any steel 
particles derived from the mortar may be separated by a magnet. In Other 
cases the constituent minerals are so minute that it becomes necessary to 
prepar? a thin section of the rock apd subject it to exaihination under the 
microscope. By means of a needl^, tl]^e\graihs to be examined may he 
picked out from the section. It is convenient for the operator to commence 
by detaching the fragments near the .edge, and to work patiently th^ce 
towards the centre of the section. The section is, of course, not protected 
by a cover-gto ; and the Caiiada balsam by which the slice is' cemented 
tp the glass is dissolved o^T 1^ treatment alcohol. 

In some cases the p^i<^s ^9 be examSn^ canqot conve^ently^be 
liemrated, and it then becoms^ necessary to attack the mineral in the 
tion itselfi -Th® particular mlherm.fo he test^ i 5 brought into the fimd of 


the miciroscope, Mid^a peri 
hr such.f 

,By 






4 i^l^r-gtass fethendmwn over the sectibn 
It fi^juSt the perforation; Through 

thejniper^ exposed r^yfe 
d;i9^0a^c;Scid ^tb be used the .section is 
Of pjja^hm Ion instead of a coy^-jgjdss^ 
^' 6 jf'*^,^lmvent m lodged, on tfc' sUde, and 
^94 ^ ' Ab ddHeral exposed at me aperture 

5 ii^O^erifiical reactions^ is 16 produce 
i lif^E^ve crystal^ fckim capable of 

u^n to decide nature of a 
^ introduced by 

^ A^. epct^^seJy spi^ paijtkle of felspar 
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is introduced into tlie flame of a Bunsen burner provided with a special 
chimney of sheet iron. Tlie proportion of soda or potash may be approxi* 
mately determined by comparing the extent of the yellow or red colora- 
tion with the standard plates issued by Szabo. lii experienced hands this 
process yields remarkably precise results. 

Classification of Kocks.— Some rocks have evidently been formed as 
deposits in a watery medium, 'while others have existed at some period at 
a high temperature and been more or less completely fused j hence aris6 
two great groups of rock : one of aqueous^ the other of igneous ^ origin. 
Certain rocks; whether aquebus or igneous, have suffered such alteration 
since their formation that their original characters are no longef to be 
recognised by direct observation, and hence these are known as inetaviOrphic 
rocks. Of the so-called aqueous rocks a few have been deposited directly 
from solution as chemical precipitates j but by far the larger number have 
been thrown down as sediments from a state of mechanical suspension. 
The aqueous deposits are known as sedimentary or stratified^ rocks, while 
the i^eous rocks are oft^n described as unstratified or jnassive, ^ In addi- 
tion to these types there are a few rocks, like coal and certain limestones, 
which owe their origin, directly or indirectly, to organic agencies, and are 
lienee termed organic rocks. But though the ultimate origin of such 
deposits is organic, the changes through which they have passed in reaching 
their present condition are essentially chemical. 

It usually happens that several modes of formation have contribulied to 
the production of a single rock. Thus, rocks formed as chemical precipi- 
tates, though practically homogeneous, ihay contain an admixture of foreign 
matter representing material that was mechanically thrown down during 
precipitation. On the other hand, a sedimentdry rock frequently has its 
constituent grain^ bound together by mineral matter which has been preci- 
pitated in association with, or subsequent ,to. the mechanical deposit, and 
has acted as a cementing bedium ; a sandstone, for example, may have 
its component grabs united by mineral matter precipitated from solutions 
percolating through the original mass of sand. 

In dealing with igneous rocks it is always desirable to ascertain the 
proportion of silica b the rock as a whole, since a common classification 
of such rocks is based upon this datum. Bunsen, in studying the rocks of 
Iceland, suggested that all igneous rocks have been formed by admixture 
of two magmas which he termed the normal traehyiic normal pyroxeniu 

Durocher afterwards developed a theory which derived the rocks from two 
magmas situated at different, subterranean depths, termed by him acid an^ 
hasicy and practically corresponding respectively with the trachytic anil 
pyroxenic magmas of Bunsen. At the present time most petrographeb 
define the add or light rocks as those containing from 65 to 80 per cent, of 
silica, and having S.Gl 2*3 to 27 ; they usually contain a high proportion 
of alkalis, especially potash, and but a small percentage of limej Oia^eSia, 
and oxides of iron. On the other hand, the basic or dense rocks contain 
onlyfrbm 45 to 55 per' cent, of silica, but have S.G. risihg from 2^5 tOj 
as high as 3*1 ; they are characterised by a low percentagfe of filWiS, 
with more ioda than potash, and by a high percentage' of lime, bag^ 
nesia, and oxides of iron {v. Teall, Brit. Pet.^ Cap^ ii. ; and on the 
fication of igneous rock% Bonney’s anniversary address, Geat Soc.^ 41, 

1885). . , 

' Ckpi^cally-formed Eocks.™The cheinical fjredpitates Which are of 
interest 1:6 geologists, as having been formed on" a large scale by nature, 
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belong chiefly to the groups of carbonates, sulphates, and chlorides, repre- 
sented respectively by such rocks as limestone, gypsum, and rock-salt. 
Perhaps the simplest example is ottered by rock-salt^ since this has been 
formed by the mere evaporation of a natural brine. 

Rock-salt has usually been formed in inland sheets of salt-water. These 
are either isolated portions of the sea, or the relics of lakes which were 
originally fresh but have acquired salinity by the accumulation of salts 
introduced by river- waters. The great Salt Lake of Utah, situated in an 
area of inland drainage, receives streams which bring in salt ; but, having 
no outlet, the waters tend to become concentrated. In this arid region 
evaporation is rapid, and along the shallow margin of the lake vast 
quantities of common salt spontaneously crystallise during the dry season ; 
while in winter, whenever the temperature falls below — 6 ® *5 Na2S04 is 
precipitated, the quantity of this salt formed in a single season amounting to 
thousands of tons. Many ancient lakes have in 3 ie course of time com- 
pletely disappeared by desiccation, and their position is now marked by 
extensive saline deposits. 

On the evaporation of a salt-lake, or saline lagoon, the least soluble 
salts will tend to crystallise first, the order in which the salts are successively 
deposited being inversely as the order of their solubility. Such a process 
of fractional crystallisation in nature is illustrated by the remarkable salt- 
deposits at Stassfurt in Prussia. In the lowest beds the rock-salt is asso- 
ciated with gypsum, anhydrite, and carbonate of calcium ; but above the 
rock-salt there are deposits of deliquescent compounds, rich in potassium 
and magnesium, which remained in the mother-liquor after the- NaCl had 
separated. The association of the rock-salt and anhydrite in alternate 
layers has led to the suggestion that they represent seasonal deposits, the 
former havingbeen deposited in the warmer, and the latter in the colder, parts 
of the year. Thesoluble salts above the main mass of rock-salt, known locally 
9 &AbraumsalHj consist chiefly of polyhalite (K2SO4,MgS04,2CaSO4,2H.i0), 
kieserite (MgS04,HaO), and camallite (KQ,MgCl2,6H30). 

Origin of limestone. - One of the commonest examples of a chemi- ' 
eally-fortned rock is afforded by certain deposits of Umestom which have 
ppd. from calcareous waters. Such are the deposits known as calcareom 
sinter or tufa^ so commonly formed by springs flowing through liniestone 
districts, and forming in some cases important rock-masses, like the traver- 
tine^ or * Tibur-stone,’ 'of Tuscany. But while certain limestones are the 
result of direct precipitation, it appears that by far the greater number 
of such rocks owe their origin to organic agenacies. Such, for instance, is 
the chalk, which is largely made up of the calcareous tests of foraminifera: 
such, too, are the corS limestones, which are formed in large measure of 
the hard corallia of certain actinosoa. 

'When CaCO» is deposited from thermal brings, the pp. usually takes 
the form of aremnite^ the orthorhombic species of CaCOj, harder and 
denser than (^cite. The precipitation of aragonite is well illustrated by 
the Sprudetsiteifi of Carlsbad. The water in which this is formed has a 
temperature of about 73® C., and though containing only 0-29 pwoent. of 
CaCO^ it readily deposits this salt on cooling, tne sprudelstein is com- 
monly oolitic or pisplltic, ea<fti little sphere being formed of a series of con- 
oehtric deposited suceessiyely around a nucleus, and thus imitating 
the oolitic 'Structoe Isunf&r to geologists in various Mmestoiies.- The 
eacperimenlat o£ ^ed to show that ydien a solution of carbonate 

of calcium Is wwH&a ^ it deposits aragonite, while if cold or 
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veiy dilute it throws down calcite. It has been shown by Creducr that 
the deposition of aragonifc is favoured by the presence of gypsum, atrou- 
tianite, and certain other foreign bodies in the solution from which pre- 
cipitation proceeds. 

Calcareous matter deposited on a large scale is usually more or less 
impure, and hence limestones become argillaceous, bituminous, &c. On 
the solution of a limestone by natural solvents, a variable amount of in- 
soluble matter is left, and where the action has extended over long periods 
the residual impurities, by their accumulation, may acquire considerable 
importance : such, for instance, is the origin of the deposits on the chalk 
in this country known as * clay-with-flints ; ’ and the reddish earth so 
common in limestone caverns and known as ‘cave-earth.’ 

Origin of Dolomite, — The origin of magnesian limestone, or dolomite^ 
has long been a chemical enigma. Since dolomite frequently occurs in as- 
sociation with rock-salt, it has been suggested that it must be of lacustrine 
origin. Bischof, however, showed long ago the difficulty of simultaneously 
precipitating CaCOg and MgCOj from a solution containing these salts. At 
the beginning of the evaporation CaCOg alone falls ; towards the close of the 
process MgCOg alone : and it is only at intermediate stages that the mixed 
carbonates are thrown down. It might, therefore, be expected that the 
geologist would find pure limestone below, succeeded by a deposit of dolo 
mite, and followed above by pure magnesite — a sequence, however, which 
is not observed in nature. Indeed, dolomite seems to have been formed 
not so much by direct ppn. on the evaporation of waters in which the two 
carbonates co-existed as by certain chemical reactions. 

Sterry Hunt has pointed out that the interaction between carlx)nate of 
sodium and the chlorides of magnesium and calcium in sea-water would 
give rise to dolomite, with simultaneous production of chloride of sodium, 
thus explaining the common association of dolomite with rock-salt. There 
seems no difficulty in providing the necessary quantity of Wa^COj, in- 
asmuch as various soda-bearing silicates, notably the soda-felsjiars, are 
commonly suffering decomposition in nature by the action of carbonated 
waters, with consequent formation of NayCOj and separation of silica* 
Another reaction suggested by Sterry Hunt is that which may occur T^- 
tween ^ CaCOj and MgS04 ; the resulting MgCOg may, under certain 
conditions, become associated with fresh CaCOa, so as to form dolomite, 
which will then be accompanied by a precipitate of CaSO,. As a matter 
of fact, nothing is more common than to find dolomite naturally associated 
with gypsum {Chem, and GeoL Essays, 1S75, 9^)* 

Hoppe-Seyler obtained dolomite b^ heating carbonate of calcium in a 
solution of bicarbonate of magnesium m a sealed tube at 100® C. Possibly 
in some cases dolomite has been formed under abnormal conditions of 
temperature. The crystalline dolomites, enormously developed in the 
Triassic series of the Eastern Alps, are believed to be metamorphic rocks, 
or ordinary limestones which have become dolomitiscd (p. in/ra). 

Weathering of Rocks. — Most rocks on or near the surface of the earth 
have suffered more or less chemical change by the natural action of ajr and 
water. This weathering usually takes the form of oxidation and hydration % 
thus, rocks such as basalt, which contain minerals rich in iron, exhil^ 
along their Joint-planes a rusty appearance, due to the formation of ferric 
hydrate. Deposits of brown iron-ore of great magnitude may result from 
the alteration of masses of iron-pyrites. Such, too, is the origin of the 
gossan, or impure brown iromore commonly found in the upper part of 




mineral veins where anogenic action has been rife, and known to Conti- 
nental miners as the Chapeau de Jer or Siserne !fui. Many clays and 
other rocks present in their unaltered condition a bluish or grey colour, due 
to the presence of finely disseminated iron pyrites, which in like manner 
decomposes on exposure, yielding ferrous sulphate, and finally ferric 
hydrate, and the rock thus assuming brown and yellow tints. 

On the other hand, a process of deoxidation may frequently be traced in 
the natural alteration of rocks and minerals, the principal reducing agent 
being organic matter. Sulphates may thus be reduced to sulphides ; whence, 
in many cases, the origin^ of iron-pyrites — a mineral commonly found in 
association with coal, fossil wood, shells, and other organic remains. In 
like manner p^psum may be reduced to the condition of sulphide of calcium, 
and this, if dissolved in water containing carbonic acid, will yield carbonate 
of calcium and sulphuretted hydrogen, the latter readily depositing free 
sulphur on exposure to the air. Hence probably the origin of the associated 
deposits of gypsum, sulphur, and limestone, so familiar to the geologist in 
Sicily and other sulphur-bearing localities. The removal of crystals of 
selenite from clays and other rocks may be due to similar reactions and not 
to mere solution. 


It has long been known that the organic acid resulting^ from the decom- 
position of vegetable matter ma^ exert a bleaching action upon red and 
brown rocks, by reducing the feme oxide to a lower state of oxidation. It 
has been suggested that some of the finest white glass-making sands may 
have been derived from sands originally yellow or brown, but decoloriscti 
in this way. At the same time such reducing action appears incompetent 
to explain the local decoloration observed in many variegated rocks. 

Hydration, though usually accompanying oxidation, may occur in nature 
^thout any other chemical change. A common illustration of such action 
is seen in the conversion of anhydrite into gypsum, by absorption of two 
molecules of water. This change is accompaniea oy fi marked increase in 
bulk, I vol. of CaSO. becoming i*6vol. of CQ.SO^,zJ:LJO- The galleries 
of deserted mines in which anhydrite has been worked have become closed by 
the swelling of the walls, consequent on hydration of the mineral. Geologists 
believe that a similar increment of bulk, occurring on a large scale in deep- 
seated deposits, may account for certain minor movements of the earth’s 
crist. 

Origin of Kaolin, — It is commonly said that one of the most striking 
examjiles of weathering is afforded by the decomposition of the .felspar in 
grmitic and other rocks. Meteoric waters, containing carbonic and organic 
acids, readily attack felspathic minerals, removing the alkalis in a iwluble 
form, while the silicate of aluminium, in a hydrated condition, remains be- 
hind as clay. Kaolin^ or china-clay, the purest form of argillaceous matter, 
may thus he derived from felspar-bearing rocks, especially granites^ 1 1 
was seriously held that the great heat experienced in working the Comstock 
lode was due to the kaoliuisation of the fekpars in the surrounding rocks 
a suggestion, however, entirebr disprov^ by experiment. In Cornwall 
it is not uncommon to find granite in which the orthoclase, or potash-folspar, 
is more or less decomposed, while the associated silicates remain almost 
unaltered : such a rock is known as cMrut^sione or petumite ; while a rock 
in which the felspar is entirely kaolinised is termed chinx’dao! 
rardaxtu , ,, It is fc^uentlyheld that the simple action of meteoric waters, 
charged with carbonic atid cwganic acids, is sufiSdent to explain the origin 
of kaolin j but bhongh kaohnisadon may undoubtedly result from mere 



362 Advanced ^hysicgj'aphy 

weathering, it seems that superficial action is incompetent to explain all the 
observed phenomena. The change appears rather to have been etiected by* 
means of solutions derived from deep-seated sources, circulating in the joints 
of the granite. It has often been pointed out that the decomposed granite is 
associated with minerals containing fluorine (like lepidolite) or fluorine and 
boron (like schorl). Von JBuch in 1824, and Daubr^e in 1841, suggested 
that the change has been due to hydrofluoric acid or other fluorides, which, 
acting upon the granite at an elevated temperature, would decompose the 
felspar, removing its alkali as a fluoride. Cassiterite (SnOj is a common 
associate of the kaolinised granite, and there is reason to believe that this 
mineral has been produced by the agency of fluorine. 

' Metamoajphism. — A rock, whether of aqueous or. of igneous origin, is 
said to be metamorphic when it has been altered not by atmospheric 
agencies, but by some profounder influence which has so affected its 
structure and composition that its original character is no longer to be 
r^c(^ised by direct observation. Thus the intrusion of an igneous rock 
among sedimentary strata' mky give rise to changes known as contact meta^ 
morphism. By such action an ordinary limestone rhay be converted into a 
crystalline marble— a phase of metamorphism conveniently distinguished 
by A. Geikie as ntamwrosis. The production of a saccharoidal marble 
from an amorphous limestone under the influence of heat and pressure was 
illustrated by James Hall*s experiments in the early part of this century. 

The effects of contact metamorphism are partly physical and partly 
chemical. To the former class may be referred not only the crystallisation 
of limestone but the induration and even fusion of various other rocks, and 
the development of prismatic structure in the neighbourhood of the heated 
mass. Among ordinary chemical effects may be noted the expulsion of 
water, the reddening of a calcined rock, and the conversion of coal into a 
natural coke. But the most interesting phenomena are those attending the 
devel<^ment of new minerals* Thus, a slate in the neighbourhood of an 
intrusive granite frequently contains garnets, chiastolite, and other crystal- 
lised silicates; while metamorphic limestones may enclose rock-crystal, 
garnets, idocrase, micas, and other minerals which appear to have been 
pfbduced by the rearrangement and crystallisation of the materials of the 
^hd, cla^,' and other impurities originally present in the limestone. The 
ejected limestone blocks of Monte Somma, consisting originally of the’ 
sub-Apennine limestone, are rich in minerals of this character, and have 
lately been specially studied by J. H, Johnston-Lavis, df Naples, 

When metamoiphic rocks extend over a wide area and are not visibly 
associatM ' Vrith igneous rocks to which their alteration may W referred, 
they are said to be due to regional metamorphism. The agencies by which 
ipeh ‘phenomena havd been produced are exceedingly obscure, but wldle 
nkny of the chan^ are of a chemical and molecular character, it is evident 
that molar forces have been operating on a large scale. Of late years it has 
been recognised that the meciwj|cal movements of the rocks have lai^^ly 
contributed to the production oHhe characteristic structures in those meta^ 
rndrphic rocks known as the crystalline schists, not only producing deforma^ 
tiotr of the constituent minerals, but indirectly causing the passage of one 
tninei^ intb another. 

' , ; thermal metamOTphip 

' o' .idthot^h pure at' 
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mineral-constituents of rocks, its solvent action is vastly increased by the 
great heat and pressure to which it must be subjected in the deeper- 
seated portions of the earth’s crust, where metamorphism probably has 
its normal seat. Such action is well illustrated by the remarkable experi- 
ments of Daubr^e. This observer found that when water was heated in 
strong glass tubes enclosed in thick wrought-iron cylinders, and exposed 
uninterruptedly to a temperature of at least 400® C. for several weeks, the 
glass was transformed into a hydrated silicate, analogous to a natural 
seolite, while the interior of the tube became lined with a crust of small 
transparent crystals of quartz. In some cases the artificial crystals of quartz 
lined the walls of the tube like the quartz in a natural geode {ib, 166). 

The solvent action of water at great depths accounts for the, peculiar 
composition of the water of geysers. Under enormous pressure, and at a 
high, temperature, these waters are capable of decomposing the volcanic 
rocks which they traverse, and of dissolving out silica. Thus, water from the 
Opal Spring in the Yellowstone National Park contained as much as 
5376 g. of silica to the imperial gallon. On the evaporation of such wat^r 
the silica is deposited in a hydrated form as a kind of opal br siliceous 
itnter^ known as fiorite ox geyseriU^ 

Dolomitisation.— Among cases of metamorphism, that of the alteration 
of a normal limestone into dolomite has long been recognised and variously 
explained. Von Bu<?h and certain other German geologists, looking at the 
association of crystalline dolomite with basic igneous rocks in the Tyrol, 
held that these erupted masses had emitted vapours containing compounds 
of magnesium which had acted upon the neighbouring limestone, causing 
dolomTtisation. In support of such a view it was pointed out by Durocher 
th^t when fragments of limestone are heated with MgCl^in a dosed vessel, 
the limestcme is partially converted into dolomite. Such an action, how- 
ever, if it occurs at all in nature, must be limited to the immediate neigh- 
bourhood of the heated body evolving the ihagnesian vapours. In order 
to ^plab the alteration of large masses of limestone, it is simpler to invoke 
the agency of percolatii^ water holding compounds of magnesium in 
solution. Even where limestone has been dolomitised in contact with 
basalt, Bischof contended that the change was due to the action of water 
eontainini: MgCOy resulting from the decomposition of the magnesian 
lilicates in the ^eous rock. 

* When water containing carbonate of magnesium percolates through a 
Hmestohe, the magnediim salt tends to unite with part of the coldum 
luurboaate so as to form a double salt, while CaCOs is at the same time 
dissdved out. Bor every molecule of CaCOg removed, a molecule of 
MfCOg is introdttoed, the diange being accompanied by a dimbutibn of 
vwme to the extot of 12 or 13 p.c. Now it is a remarkable fact that 
tmtuifal Somites are frequently marked by a cellular or cavernous texture,' 
and de B««mm6ht loog 1^0 su^ested that the cavities were due to 
cmsMqiuent on ddomitisatioa. It is estimated that in many 
the hoUows represent about X2 p.c. of the bulk of 
the rock. The sulphate and chloride of magnesium in sea-water may also 
Hmestoae bto dolomite, but according to Favre the action 
lequfres a temperature of aoo*^ C. , fkvonr^ by great pressure. 

MgCOgls pot the only carbonate which has been introduce into certain 
by secondary processes. In sonje cases beds of limestone have 
been f more or less completely transformed into FeCOg— a change well 
$tU(tfated on a large Kmle in the lir^rtant deposits of Cleveland ironstone 
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in the Middle Lias of N.E. Yorkshire. Sorhy believes that this ore has 
been formed from an oolitic limestone by, percolation of water containing 
bicarbonate of iron in solution. Most of the fossil shells associated with 
the ore have suffered a like conversion, and in some cases the ferrous car- 
bonate has been further changed into ferric hydrate. 

Serpentinisation, — The origin of serpentine has been a subject of much 
discussion, in which the geologist has had to appeal to the chemist. By 
most modern petrographers it is regarded as an altered eruptive rock, having 
been derived mainly from olivine. Pseudomorphs of serpentine after 
olivine are familiar to the , mineralogist, and an action similar to that 
which produced this alteration appears to have been concerned in the 
netamorphism of large rock-masses. This view has gained much credence 
of late years by the study of the microscopic structure of serpentine by 
Sandberger, Tschermak, Bonney, and other petrographers. Hydration is 
effected by water gaining access to the olivine, thro ugh the irregular fissures 
by which the mineral is usually traversed ; and in the case of ferriferous 
olivines the iron is deposited in the form of magnetite and limonite 
{V. Teall, BriU Peirog., 1888, p. 104). 

While many serpentines suggest by their occurrence as dykes and bosses 
that they have been derived from eruptive^ rocks, others occur^ in beds 
intercalated among crystalline schists, especially in association with lime- 
stone. It has been supposed that such serpentine may have resulted from 
the alteration of dolomite or some other magnesian rock of aqueous origin, 
Sterry Hunt, who is especially familiar with the serpentines of the lUiuren- 
tian series of Canada, has always argued against the derivation of serpentine 
from igneous rocks, and regards it simply as a product of direct precipita- 
tion from natural, waters. He holds that by the decomposition of the 
various crystalline silicates in nature, soluble silicates of the alkalis and of 
lime are set free, and passing into streams are ultimately mixed with waters 
rich in m^nesium saltsr~such as the sulphate or chloride in sea-water — 
when double decomposition ensues, and silicate of magnesium is precipi- 
tated in a gelatinous condition. 

Eeceut Tomation of Minerals. — Observations on the production of 
minerals under known conditions in historic times are of much interest to 
the geological chemist, inasmuch as they suggest the processes which may 
have operated in nature during geological time. Oaubr^e long ago called 
attention to the production of a series of minerals since the Roman period 
at the hot springs of Plombi^res in the Vosges. Around these springs the 
Romans had built walls of concrete, consisting of brick and stone cemented 
by mortar. By the action of the waters at 50° C. upon the concrete, there 
lias been formed a series of minerals including chabasdte, hatmatoJne, 
mesotype, and other zeolites, associated with opal, calcitc, &c. Similar 
effects have been observed at other Roman baths. 

Geodes. — The production of certain minerals at the Roman stations just 
cited, recalls the natural formation of similar substances in the cavities of 
basaltic and other rocks. These cavities, though perhaps in some ewes 
due to the removal of pre-existing crystals by solution, usually represent 
bubbles produced by the disengagement of gas or steam at a time whea the 
igneous rock was in a plastic condition. The minerals occurring in such 
cavities axe of secondary origin, having been introduced through the medhw 
of solutions permeating the rock long after solidification. When the 
are .filled with mineral matter, the rqck is said to b^.mftygddoi^ly^ the 
cavities are not completely filled* ana the walls are lined with crystal^ they 
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are termed geodes. The most common of these secondary minerals are 
calcite and silica, the latter frequently forming agates. In an agate, regular 
layers of colloidal, crypto-crystalline, and crystalline silica succeed each 
other with regularity {Mineral Mag. v. 34). 

Origin of Mineral Veins. — The deposition of secondary minerals irt 
the cavities of rocks, tends to throw light upon the formation of mineral 
veins, or lodes — a subject on which the geologist has frequently appealed 
to the chemist. It is now generally held that these veins represent fissures 
filled in by deposition of mineral matter from a state of solution. The 
chief difficulty is to trace the metalliferous minerals to their origin. The 
most promising modern researches are those of Professor FridolinSandberger, 
of "Wurzburg. By comparative analyses of the ore, the veinstone, and the 
country rock, he has shown that the contents of the lode have been derived 
in certain cases from the neighbouring rocks, and that the ores have pro- 
bably obtained their metallic elements from the common constituents of 
the crystalline rockfe, which had not previously been suspected to contairi 
such metals. Analyses of ordinary rock-forming minerals, like micai 
augite, hornblende, and olivine, revealed the presence in them of a large 
number of the heavy metals. Nor is it only in the crystalline rocks that 
such metals occur, Dieulafait having shown that many of them are widely 
distributed in minute proportion through the stratified rocks. Such an 
occurrence is readily explicable by the fact that most sedimentary strata 
have been derived, directly or indirectly, from the disintegration of the 
older crystalline rocks. 

Some interesting phenomena tending to illustrate the origin of certain 
mineral veins have been studied in districts in California and Nevada, 
where hydrothermal action is rife. Hot water, steam, carbonic acid, sul- 
phuretted hydrogen, and other gases escape from fissures in volcanic rocks, 
and on the walls of these fissures they deposit siliceous sinter assiociated 
with tree sulphur, cinnabar, iron-pyrites, and other metalliferous minerals, 
including metallic gold — the whole assemblage being suggestive of the 
contents of certain veins. 

Durocher and some' other observers have argued in favour of many 
metallic minerals in lodes having been produced by sublimation. In 
JDurochePs experiments he succeeded in producing galena, iron-pyrites, 
zinc-blende, and other metallic sulphides, by passing certain vapours 
through glass tubes at a high temperature. 

Chemistry of the Volcano. — The chemical operations involved in volcanic 
phenomena are extremely obscure. It is generally admitted that water is 
the prime factor in the production of these phenomena, and as the tent- 
perature prevailing at volcanic foci probably exceeds the critical point of 
water it must exist in the form of vapour, notwithstanding the enormous 
pressure to which it is subjected : possibly the temperature is so high that 
the wat<ttr is dissociated + Fouqu^ found in the lava of Santorin of 1876 a 
notable quantity of free hydrogen co-existing with free oxygen. The 
volcanic vapours associated with steam are chiefly HCl, SO.^, COiy 
free O, H, and N, and sometimes NH3 and CHj. The HCl may be^ due 
to access of sea-water, most volcanoes being situated on islands, or, if on 
the mainland, near to the sea-coast JEUcciardi has found that finely 
powdered granite and lava mixed with pure NaCl evolve JICl when heated, 
the quantity being increased by bbwing in a current of steam. The sub- 
limed products of volcanic rocks include a laige number of mcblUc 
chlorides, notably those of Nil., Na. Fe, Cu, Ca, and Mtr. 
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The S0» of volcfinic exhalations^as been i^ferre^ by Riccifrdi .tij the 
Visaction of silica with CaS 04 and MgSO^, ,whei;eby silicates are produced, 
with separation of sulphur trioxide, which is rej^lved into sulphur dioxide 
'and oxygeiu He found that granite mixed wi^lji the sulphates cited above 
would evolve SO.^ when, heated. By the interaction of SO^ and H^S free 
sulphur is produced and deposited as an incrustation on the la'ira.. By 
oxidation, sulphuric acid is developed, and this by its action on the volcanic 
rocks tends to decompose them, with production of various sulphates. 
Thus it comes about that alum is manufactured in the crater of Vulcano, 
one of the Lipari Islands, and at the Solfatara, near Naples. The term 
‘ solfatara ’ is now used by geologists as a general designation for a volcanp 
which is approaching extinction and emfts only vapours. ^Lcng after other 
emanations cease, CO.^ may be exhaled, as, in many localities in the Eifel 
and in Auvergne. Boric acid, in, a finely-divided condition, is produced 
from the nearly-exhausted -crater of Vulcano, and froir\ the mqfeite of 
Tuscany, where it has long been utilised industrially. (On the general sub- 
ject of volcanoes, v, Judd’s volume in the International Science Series.) 

Synthesis of Igneous Rocks. — The artificial reproduction of inan3[ 
igneous rocks has been successfully accomplished in recent years b3rFouque 
and L^vy in the geqlcgical laboratory of the Collie de France, in Paris. 
These observers have shown - that a nuihber of basic eruptive rocks can; be 
formed by the fiision of their constituents, and that the products, examined 
in thin, sections under the microscope, are identical in structure and com- 
position with the corresponding natural rocks. It had previously been 
supposed thht water, in some form, played a conspicuous part in the lique- 
faction of, %neous rocks, and that this was in feet due not to diy fusion 
but rather to hydrothermal action. The syntheses performed by Fouqu^ 
and controverted this view, inasmuch as they were effected solely 
?by dry igneous fusion, without the presence of water or any other volatile 
medium, and without flux or other chemical agent. 

The raw materials employed by these experimentalists were cither the 
component minerals of the rocks to be produced (such as felspar, augite, 
&c.), or the chemical constituents of these minerals (silica, alumina,^ lime, 
&C.). These minerals, corresponding in their relative proportions with 
the composition of the rock to be imitated, were introduced, in a pulverised 
-condition, into a platinum crucible of about 20 c.c. camcity, fubiitod 
with a cover. The crucible was heated in a furnace of ForquignotP ‘aaS 
liederc’s type, heated by a Schlbsing blowpipe, whereby it could be rapidly 
-‘raised to a white heat, or reduced at will to a lower tempemture, ana, the 
-heat maintained constant for a long period. The first fusion at 
'heat alw'ays yielded an isotropic glass, and this, if cooled 'Suddanljt tuik- 
‘-taineddts vitreous character. But if- the fused product was kCpfe for some 
^tifee at a temperature below white h^at, yet aW^re that of the melth^- 
-point-of the glass, various crystalline products w’ere developed j and ^ 
subjecting -the material to succesrively diminishing temperatures, oriiei 
products crystallised' out, the le^t fusible being the first to s^wrate* 

By a process of fractional ogrsbllisation conducted in this way, 

<and L6vy imitated the conditimM^ which, appear to have* obtained dmfcg 
- the'fomfetion of volcanic rocks', where 4he- cryfttalfhsed coni^tnentss tei^ 
*mtisiiccessHe periods oFcwoEd|tion. ’ Artificial basalt 
fcipg a mixture of the ekpienfe ef -augitei^*and M 

the resulting br^tfr^heat forkSW^'-l^^ 

Se oliN^, whtch is 
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lUed. Then on submitting the mass t8 a cherry-red heat for another 48 
hours, the microlitic crystals of the more fusible minerals separated ; thes? 
were the lath-shaped crystals of plagioclase and augite,^ which may be rer 
garded as minerals of the second period of consolidation. Some of thd 
most remarkable experiments ;^vere those on the so-called ophites. These 
are doleritic rocks, in which the augite forms compai-alively lai^e plates 



' Fio# 1^.— Meridian or Transit Circle. 

Moiind the crystals of ptafijoclase ; the former having evidently 

S Of sXSeW cSd^ latter. Bya suc^sion of smUhle 

.nd ra-heatlne’s this ophitic structure was perfectly imitated. 
teSatodb^X rSab^ success with which Ae basic igneous 
rocto have been itiSl alj experiments on the synthetictd forma- 
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tion of the acid rochs have hitherto been fruitless. The reproduction of 
these natural products forms one of the most interesting fields of investi- 
gation left open to the geological chemist. 

Note to par, 48 . 

The Meridian Circle. — Fig.^ 199, from Brinckley’s ‘Astronomy,* shows 
a large meridian circle, a transit instrument with two graduated circles at- 
tached to the axis, one on each side. These circles are divided from o® to 
^60° into spaces of and are read by micrometer-reading microscopes 
lirmly attached by arms to the Jwo piers on which the instrument rests. 
The small circle attached to the eye end of the telescope is used'as a pointer 
for setting the instrument. On the right is seen the lamp, L,"which is used 
at night to illuminate the reticle. "Weights, w w, act on levers supporting 
the axis, and. serve as counterpoises to relieve the pressu/e with which the 
axis rests on its supports. The adjustments of the instrument are the same as 
those of the transit, and the zenith point of the circle is obtained as ex- 
plained in par, 47. In some instruments a small circle having a vernier and 

spirit-level serves as a pointer 
for setting the instrument at 
any ze’nith distance*. ^ * When 
a transit of a star is being 
observed, the instrument is 
firmly ' damped by a clamping 
apparatus attached to the axis, 
and when the star is near the 
middle wire the elevation of the 
telescope is slowly changed by 
the aid of the micrometer screw, 
until the star is bisected by the 
horizontal wire. The reading 
of the circle gives then, in con- 
nection with the zenith point, 
the zenith distance, ana thus 
also the polar distance of the 
star, whild^the mean of the ob- 
served times of transits over the 
wires leads to the knowledge of 



object IS already, known* the 
difference between this and the clock indication will gite ^ 0 ror' ijy the 
clocks piir»47- 

Note to par* 83 . ’ 

The observed connections between sudden outbursts of 'sun-spots and 
magnetic disturbances on the earth may be mere coincidences j for there S 
much difficulty in believing th^ sun to be the direct cause <k 

«s^th- Lora KjSlvin has recently decktred rimt the 
vefy |^m?e ma^ndtic storm, as muiii worit mM hm 

8 ****^S^^'' nWffippEetic ' 'Waves otn 'in ■ aH 

m fOW montli el* his ' 

dhsolutdly ebneWSp' 
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outside. Hence the agent that produces magnetic storms must be com- 
paratively near. * The aurora above and the earth-currents below arh 
certainly in full working sympathy with ’ such storms, and the causes pro- 
ducing them are probably to be found either in the earth itself or in the 
electric currents of the atmosphere. 

Note to par. 84 on Helium. 

About thirty years ago a bright line was observed in the spectrum of 
the sun’s chiomosphere and in that of the prominences, very near the 
double sodium lines D, and Dj. This line just outside in the orange 
was designated D3, and as it had no corresponding dark line in the solar 
spectrum, and no terrestrial substance then known would produce it, the 
unknown substance causing it was termed helium. Other unknown lines 
were afterwards found in the sun’s chromosphere, and several of these, as 
well as Dj, were afterwards observed in the Orion nebula and in certain 
stars. 

In 1895 ^ very light gas was obtained from the rare minerals cleveite, 
uraninite, etc., the spectrum of which gave the bright line D3. Here is 
the first instance of a substance known to exist in the sun and certain 
other heavenly bodies being subsequently discovered on the earth. 

The bright line Dg of the gas extracted from the minerals named is 
really a close double, and the same has been found true of this line in the 
solar spectrum. Hence it appears that terrestrial helium and celestial 
helium are identical. Moreover, several of the other unknown lines of the 
solar chromosphere, Orion nebula, and certain stars have been found to be 
given out by trie mineral gas. 

Further research appears to indicate that the gas given out from cleveite 
contains two constituents, helium and an unknown gas, and this renders 
the discovery more interesting. The sum of the resuUs is thus put by 
Professor Lockyer, * Hydrogen, helium, and, the unknown gas X are 
thus proved to be thoke elements which are completely represented in the 
hottest stars and in the hottest part of the sun that we can get at.’ ^ ^ 

The discovery of tdrrestridl helium was made by Profesisor’ Ramsay a 
few' months after he had discov^ed the a)^goit^ which is fpund to form 
about one per cent, of the atmosphere.^ Argon, however, sho^s no 
coincidence between its spectrum lines and those of any celestial bpdy. 
Both argon and helium are regarded by their dfsepyerer as element ary f>odies, 
though they are 'singularly inert 'ahd linWillihg to unite with other elpment^. 
Helium is very light, with a density of 4 compared with hydrogen ; argon has 
' a density of about 40. In oiher respects the two gases exhibit a close analogy. 

Note to par. 85 . 

Photography of Prominanoes.-7TProfessor Hale, of Kenwood Obs^atory, 
U.So has devised an instrument, the ^ specUroheliograph,’ forphofcc^aph- 
ing Commences and faculee in broad daylight. In this instrument a 
nlSitographic plate Ts so arranged in the fodus of a telescope that it only 
receives theiK line of calcium, which is always bright in the spectrum of 
the chromosphere, and a photograph by monochromatic light can’ thus be 
obtained of'the entire chrbmosphericxing, and an image of the sun^s surface 
can alteifwafds H placed exactly within the chromosphere hrst formed. 

, MU'iapar.Z^ 

The followinif re^nmrks on the .8i;^ar ' spectrum are from the Inaugural 
Ih 2 B 
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Address of Dr. Huggins, the President of the British Association, at 
Cardiff, August, 1891. . The whole address should be carefully read by 
the student. It is printed in Nature^ August 20, 1891 : — 

‘A very great advance has been made in our knowledge of the con- 
stitution of the sun by the recent work at the Johns Hopkins University 
by means of photography and concave gratings, in comparing the solar 
spectrum, under great resolving power, directly with the spectra of the 
terrestrial elements. Professor Rowland has shown that, the lines of thirty* 
six terrestrial elements at least are certainly present in the solar spectrum, 
while eight others are doubtful. Fifteen elements, including nitrogen as 
it shows itself under an electric discharge in a vacuum tube, have not been 
found in the solar spectrum. Some ten other elements, inclusive of 
oxygen, have not yet been compared with the sun’s spectrum. 

‘ Rowland remarks that of the fifteen elements named as not found in 
the sun, many are so classed because they have few strong lines, or npne 
at all, in the limit of the solar spectrum as compared by him with the 
arc. Boron has only two strong lines. The lines of bismuth are com- 
pound and too diffuse. Therefore even in the case of these fifteen elements, 
there is little evidence that they are really absent from the sun. 

* It follows that if the whole earth were heated to the temperature of 
the sun, its spectrum would resemble very closely the solar spectrum. 

* Rowland has not found any lines common to several elements, and in 
the case of some accidental coincidences, more accurate investigation 
reveals some slight difference of wave-lenglh or a common impurity. 
Further, the relative sti'ength of the lines in the solar spectrum is generally, 
wiLh a few exceptions, the same as that in the electric arc, so that Row- 
land considers that his experiments show *‘veiy little evidence^’ of the 
breaking-up of the terrestrial elements in the sun. 

* Stas, in a recent paper, gives the final results of eleven years of research 

on the chemical elements in a state of purity, and on the possibility of 
decomposing them by the physical and chemical forces at our disposal. 
His experiments on calcium, strontium, lithium, magnesium, silver, sdidJKim, 
and thallium, show that these substances retain their individuality under 
all conditions, and are unalterable by any forces that we can bring to bear 
upori them. i 

^Professor Rowland looks to the solar lines which are unaccounfed for 
as a me^s of enabling him to discover such new terrestrial elements as still 
lurk tn rare minerals and earths, by confronting their spectra directly with 
that of the sun 7 

Chemical Elements in the Sun (Rowland, 1891). — Arranged according 
‘to the ntmthtr offheir representative lines in the solar spectrum. 

Cadmium* 

Rhodium. 

Erbium. 

Zinc. 

Ootxpfit (3)# 

Silver (2). 

Gluoinum. 
Germanium* 

Tin. 

Lead (i). 

Potas^m (f 3. 

(HeKum) . r 


Iron (20CO -f). Keddymium. 

Nickel- ' Lanthanum. 

Titanium. Yttrium. 

Manganesie.' . . Niobium. 

, ' Chromium. * ' hSolybdenum. 

' ^ Cobalt, r Palladium. 

' Carbon <200 l^aitaesium (20 + ). 

' , Vanadium. , ; r ; ' ,$otStim. 

, Zitemrium. > t .• 

,, Cwum, , ‘ 

^ s' 
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Doubtful Elements. — Tridium, osmium, platinum, ruthenium, tantalum, 
thorium, tungsten, uranium. 

Not in the Solar Spectrum. — Antimony, arsenic, bismuth, boron, 
nitrogen (vacuum tube), csesium, gold, iridium, mercury, phosphorus, 
rubidium, selenium, sulphur, thallium. 

Referring to this table, Professor Rowland says, ‘ The substances under 
the head of “Not in the Solar Spectrum*' are often placed there because 
the elements have few strong lines or none at all in the limit of the solar 
spectrum, when the arc spectrum, which I have used, is employed. Some 
good reason generally appears for the absence of the lines of particular 
elements from the solar spectrum. Of course, there is little evidence of their 
absence from the sun itself ; were the whole earth heated to the temperature 
of the sun, its spectrum would probably resemble that of the sun ver}' 
closely.* 

Note to par* 176, pa^e 2or. 

Geological Action of Tides . — Age of the Earth * — According to Pro- 
fessor Darwin’s theory of tidal evolution, the moon must have been much 
nearer the earth in the earliest geological periods, and its tide-producing 
power must, therefore, have been much greater. Hence it must have 
played a much more important part at this period in the production and 
transport of the sediment which is laid down in beds and consolidated into 
rock than it does now. *As the waves batter against the coast they 
gradually wear away and crumble down the mightiest cliffs, and waft the 
sand and mud thus produced to augment that which has been brought 
down by the rivers. In this operation also the tides play a part of con- 
spicuous importance, and where the ebb and flow are greatest it is obvious 
that an additional impetus ^viH be given to the manufacture of stratified 
rocks. In fact, we may regard the waters of the globe as a mighty mill, 
incessantly occupied in grinding up materials for future strata. The main ’ 
operating power of this mill is of course derived from the sun, for it is the 
sun which brings up the rains to nourish the rivers, it is the sun which raises 
the wind whiem laishes the waves against the shore, But^ there is an 
auxiliary power to keep the mill in motion, and that auxiliary power is 
afforded by the tides. If, then, we find that by any cause the efficiency of 
the tides is increased, we shall find that the mill for the manufacture of strata 
obtains a corresponding accession to its capacity. Assuiping the estimate 
of Professor Darwin, mat the tide maj have had twice as great a vertical 
range of ebb and flow within geological times as it has at present, we find 
a oonsidetable addition to the efficiency of the ocean in the manufacture, of 
the ancient stratified rocks, , , . The velocity of all tidal currents would 
tdso be greater than at present, and as the power of a current of water for 
transporting solid material held ip susperision increases rapidly with the 
veloaty, so we may infer that the efficiency of tidal currents as a vehicle 
for the transport of comminuted rocks would be greatly increased.^ It is 
thus obvious that tides with a rise and fall double in vertical height of 
those which we know at present would add a large increase to their 
efficiency as geological agents. Indeed, even were the tides only half or 
one-third flpfeater thim those we know now, we might reasonably expect 
that the manufacture of stratified rocks must have proceeded more rapidly 
than at present.* * These primeyal tides may» therefore, furnish a possible 
partial solution of the diEdUlty of geological time referred to in par. 95, for the 

t * Time and Tide/ by 3 ir Robert S. BaU, LD.D. 
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partial solution of the difficulty of geological time referred to in par. 95, for the 
enormous thickness of the Laurentian, Cambrian, and other Palaeozoic strata 
may have been produced at a rapid rate as the result of these gigantic tides. 
But the difficult problem of the age of the world is not entirely solved by these 
primitive tides. Some of the more recent formations (* El. Phys.,* par. 264) 
must have been produced very slowly. The chalk fonnation, for example, 
is in England 3500 feet thick. Suppose it was formed at the same rate as 
the modem deposit in the bed oi the Atlantic, I inch per annum. The 
time required would be 3500 X 12 X 5 = 2 I 0 ,CX 30 years. To this must be 
added the vast time needed to produce and bring into their present conditions 
all the other beds above and below the chajk. The problem is thus stated 
by Mr. Sydney Lupton, va. Nature, Feb. 14, 1889 : * Arguments based upon 
(i) the internal heat of the earth ; {2) the retardation of the rotation of the 
earth due to tidal friction ; (3) the temperature of the sun, seem to show that 
the earth has not continued under present conditions for more than from 
ten to a hundred millions of years ; while the theory of evolution probably 
requires at least three hundred millions of years for even a comparatively 
brief portion of geological histoi^. The two results, each supported by 
strong evidence, arq at present in contradiction to each other.* 

Note to par, 

One effect of the equation of time, or difference between the real and 
mean sun, appears in almanacs as a difference of time from sunrise to noon, 
as compared with the time between noon and sunset The real sun crosses 
the meridian of Greenwich at a moment that divides the time from sunrise 
to sunset into two equal parts, but the noon of the clocks which indicate 
mean solar time may be as much as fifteen minutes before or after noon by 
the sun j the length of forenoon as given in the almanac may appear half an 
hoiq?Shorter than the afternoon, or vice versd. 

Note to pars, i8o and 194, 

Variation in Terrestrial Latitude.— -Special obser%'ations of certain stars 
in European observatories and at Honolulu furnish evidence that the earth’s 
axis of rotation is not quite fixed, its north and south polar ends rotating 
from west to east in circles on the earth’s surface of 25 feet radius in a period 
of 385 days. - As a consequence, there is a variation of latitude of about 
J secodd above and below Ae mean latitude. This result is confirmed by 
theorefical considerations. Were the earth a perfectly rigid bo^, ii would 
rotate, unless disturbed by movements of large masses on its surmce, around 
its * axis of figure ’ oi: shortest diameter ; but temporary movements of ffiasses 
of ice, snow, etc., lead, according to mathematical theory, to an axis wMch 
revolves round fibe axis of figure in 306 days in a rigid Ixidy of the shape of 
the earth; " The longer pdriod found by observation is in accordance with 
the view tl^at the earth is not perfectly rirfd, as other considerations show, 
but a littleiess rigid than steeU 

Note to par, ‘ 

\ -For -a long time^ it Was debated- whether the earth was an’ 

Spheroid flattened’ at the^ or a prolate spheroid ‘flattened > 
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equator. The erroneous view was held by the follow'ers of Cassini, an 
Italian astronomer (1625 to 1712)5 but the measurement of the Lapland 
arc by Maupertius in 1738 definitely settled the question, and * flattened, 
the poles and the Cassinis.*' Other geodetic measurements in connection 
with the latitudes and longitudes of the places of observation have enabled 
us to determine both the dimensions and true shape of the earth. The 
form of the earth, though not its size^ may also be determined by observa- 
tions of the force of gravity at various points on its surface. Experiments 
cleatly show that the force of gravity is greater by about iJ^th part at the 
pole than at the equator. Hence a body weighing in a spring-balance 
(*E 1 . Phys.,*,par. 18) 190 pounds at the equator would weigh 191 pounds 
at the pole ; or, to put it in another way, a pound of lead at the equator 
would have a greater , mass, t.e, contain more matter, than at the poles. 
The intensity of gravity at the earth*s surface is measured by the accelera- 
tion produced in , a body falling freely under its influence. It is best found 
by pendulum experiments, and is often denoted by The valye of g 
expressed in feet per second is 32 ft. 3 in. at the pole and 3^ ft. i in. at 
the equator. At London, lat. 51J®, the acceleration produced by gravity is 
32 ft 2 in. nearly. 

A portion of the diminished force of gravity is^ a result of the earth’s 
axial rotation. This centrifugal tendency, which is not a real force, but 
only a consequence of inertia^ leads anything which is revolving round ai 
centre to get farther from the centre and to pass off at a tangent when the 
constraining or centripetal force is withdmwn. Now, bodies at the earth*s 
surface are whirling round at the»'^uator with a velocity of more than 
xpqo miles an hour, but this velocity gradually diminishes up to zero at 
the poles. Calculation shows that the force of gravity at the equator is 
diminished j^th part by this centrifugal tendency alone, and that if the 
earths turned round 17 times faster, centrifugal tendency would so far h» 
crease that it would just balance the force of gravity at the equator. The 
reriifiinder of the diflference in the force of gravity at the equator and the 
poles' can only be accounted for by supposing that at the pole a body is 
nearer to the centre of the earth than it is at the equator. In other words,' 
the difference, -jk between equatorial and polar gravity is made up of a 
difference of due to the * centrifugal force ’ of tlie earth’s rotation, and 
a differewce of ^ due to the ellipsoidal shape of the earth.- 

A de^ee of laHtude ae me^ured along an arc of a meridian in the way 
almd^escribed <par. 187) increases slightly hs we pass from the equator 
tbwaros the poles, owing to ^te ^rth being thus an oblate spherbid -in 
^pe. From the arcs that hate been measured in Peru, India, England, 
Sweden, stmth Africa, and other countries,’ the following i^nres 
Jiire teen obtained ; — , ' ' ’ i \ 

, At the equator one s= 687.04 miles , ^ >; ,, 

At lat 20^ „ „ H #8:68787 r, , 

. , „ ,40^ „ M * , 
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longitude diminishes rapidly as we approach either pole. At the equator 
a degree of longitude = 69* 16 miles ; at lat. 20® it = 64*63 miles ; at 
iat. 40® it = 53*05 miles; at lat 60® it = 34*66 miles; at lat. 80® it 
= 12*04 iJailes ; and at the poles it is zero. 


Note to par, 222, 

Professor Vogel has divided stellar spectra into three classes Class I. 
Metallic lines feeble. Class II. Metallic lines prominent. Class III, 
Banded spectra. Each of these classes is then subdivided. The relation 
between VogeVs sjrstem of classification and the systems of Secchi and 
Loclcyer may be set forth as follows 


Secchi 

Vogel 


Lockver 

Type I. 

= Class I. a 

=r 

Group IV. 

Type ir. 

= Class II. a 

=r 

Groups HI. and V. 

Type HI. 

= Class III. a 


Group 11. 

Type IV. 

= Class III. <5 

= 

Group VI. 

Type V. 

= Classes I. r and II. ^ 


Group I. 


It is worthy of note that the three elements most commonly found in 
stars, as indicated by their spectra, are hydrogen, sodium, and magnesium. 
Iron is also frequently detected, as in Sirius (6g. 150), Vega, and Pollux, 
whilst others, as Arcturas, show calcium and chromium in addition. 

Note to par, 224. 

The Hew Star of 1892. — In January, 1892, a new star was noticed in 
thci constellation Auriga, by Dr. Anderson, an amateur observer at Edin- 
burgh. News was sent to the observatories in all parts, and the star and 
spectrum of Nova Aurigos were soon under observation. Photographic 
plates of this region of the heavens, previously unexamined, showed that it 
had gained its brightness some weeks before it was discovered, a sudden 
Increase from the eighth to the fifth magnitude occurring during two days of 
December, 1891. During the early months of 1892 it retained its bright- 
ness with little change, but in April a rapid decline set in, and at the end of 
May it had sunk to the fifteenth magnitude. A revival to the tenth magni- 
tude occurr^ in August, and the object assumed the appearance Of a 
planetary nepula 3 inches in diameter. Its spectrum, both visual and 
photc^aphic, was veiy complicated. Bright lines, indicative of incandes- 
cent hydrogen and sodium, were recognized, while side by side with these 
was a similar series of dark lines. Thus the spectrum of the new ‘ star ^ 
was a double spectrum— one of radiation, and one of absorption ; and since 
the two series were evidently of the same chemical origin, their displace- 
ment with r^ard to each other implies light from two distinct bodies moving 
in opposite directions relatively to the earth. Measurements of the position 
of the lines showed that the one of a caseous nature, giving the bright-line 
spectrum, was receding from us in the line of sight, while the one giving the 
sun-hke absorption spectrum was approaching (par. 209). Professor LoScyer 
thinks that the luminosity of Nova Aurigoe was due to the collision of two 
swarms or. streams of meteors. But Dr. Huggins dissents from this view. 
F or during the time of invisibility, the Nova suffered a profound change, its 
spectrum m August being more simple, and, consisting in the visible Srt of 
a bright |ine,m the oran^, two' lines qoinciding with nebular lines, aW the 
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/ line of hydrogen. What appeared the two nebular lines have, however, 
been resolved into groups of bright lines quite different from the true 
nebular lines. Hence Dr. Huggins considers that the outburst of the Nova 
is not due to any collision of cold bodies, but to an outburst of existing hot 
matter from the interior of some star or stars. Such grand eruptions may 
well be expected to take place as stars cool, the tidal action set up by the 
near approach of two cooling stars being sufficient to produce such outbursts 
with subsequent partial renewals. 

NoU to par» 226, 

Spectroscopic Binaries.— During the last few years some marvellous 
results have been achieved by the spectroscope in the detection of binary 
systems of stars so close that they could never be revealed by the most 
powerful telescope. The spectroscopic method of determining celestial 
motions in the line of sight is explained in par. 209, and we there learnt that 
a shilt of lines in the spectrum of a star indicates a motion of recession or 
approach, according as the displacement is towai'ds the red or the blue. 
Now, in the case of certain stars a periodic shift has been noticed. Thus the 
K line of Mizar was found to be double at intervals of fifty-two days in 
the photographs taken at Harvard in 1889, becoming single in the inteiim. 
Hence tlie spectrum was not due to a single source of light, but to the 
combined effects of two stars moving periodically round a common centre 
of gravity in an orbit turned nearly edgewise to the earth. As the two 
stars appear as one in the telescope, the two spectra appear also as one ; 
but as at one time one component is receding very rapidly, and the other 
approaching very quickly during their revolution, the lines in the spectrum 
suffer the displacement above described. From the period of revolution 
and the amount of displacement the diameter and magnitude of the 
system, and the relative speed of the stars may be deduced. A photograph 
^f the spectrum of Beta Aurigte exhibits a similar doubling of lines at an 
interval of only two days, thus indicating a period of revolution of but 
four <Jays. A velocity of about 1 50 miles a second is indicated, while the 
diameter of the orbit of this pair of bright stars has been estimated at 
8,000,000 miles, the united mass of the two being two and a half times 
that of the sun, 

The doubling ot the lines in a close binary system will only occur 
when both stars are reasonably brigljt. When One of the companions 
is a dark star, as in the case of Algol. (see page 254), there will only be 
a small shift to and fro of the lines of the bright star, and this will need 
fqr ite/detection the careful campijrison of the stellar spectrum with that 
cJ or some"oth«r terrestrial element. Such comparison has been 

mitdd in the case of Aibha Tiigin^ (Spica), and it is seen that on q^ain 
it is mcndttg rapimiy* ittywdrdf ns, and on other daysyr<^?WiTtii, T^hds 
Is e50febaed by suiting that Spica has a’ dark compamon, the, two 
tevOlv^ round their cbmmon centre of gravity once in four days,^ in an 
orbit about 6,000,000 dieter. The difference between Algol 
and S|^ is that the dads companion of the la«er neym: comes between 
as and its primaiy.and so^ nevef .cets off any Of its rays. Elgel 

Mi. Or There 

is lih;le doubt tfisil mrfst in phy^hal' oonffeetion 

only /shown us A new 
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and has revealed stellar systems in which the components are of enormous 
magnitude, in close proximity, and are revolving with velocities greatly 
exceeding those of the planets of the solar system. 

We may here add that the spectroscope has also revealed motion in 
the nebulae. Mr. Keeler, of the Lick Observatory, has found, in the 
examination of some planetary nebulae, motions varying from two miles 
to forty miles a second. 


Note to par. 245. 

The theory of the formation oikailhs^ been set forth by Ferrel. Hail- 
storms are simply tornadoes in which the ascending gyratory air-currents 
are so strong that the rain-drops formed below are carried upwards into 
regions so cold that they become frozen into ice. Thrown outside the 
gyrations of the tornado above, they then fall as solid hail-stones. In 
some cases the origin of the hail-stone is a snow-flake formed in the snow 
region and carried up by the tornado until it freezes. Receiving a coating 
of rain as it ascends and falls, it reaches the earth as a hail-stone with a 
kernel of frozen snow at its centre. In some cases the descending hail is 
drawn in towards the vortex of the tornado, and is again carried up and 
receives a coating of frozen snow or ice. This process may be repeated 
several times, so that at last there falls to the earth a hail-stone with a 
number of alternate coatings of ice and snow. By the process of regelation 
a number of impinging hail-stones are often frozen together as they pass 
through the air. Such masses sometimes fall as large as a man’s fist, and 
their fall is very destructive. 


The following account of Deep-Sea Deposits is derived from the last volume 
of Chatlmger Reports, edited by Dr. Murray and Professor Renaud:*— 
Marine deposits are classified as follows : — 


Deep-sea deposits be- 
yond 100 fathoms. 


Shallow-water deposits 
between low - water 
mark and 100 fathoms. 

Littoral deposits be- 
tween high and low 
water marks. 


^Red clay. 

Radiolarian ooze. 
Diatom ooze* 
Globigerina ooze. 
Pteropod ooze. 

Blue mud. 

Red mud. 

Green mud. 

Volcanic mud. 

^Coral mud. 

Sands, gravels, muds, 
etc. 

[ Sands, gravels, muds, 
t etc. 


! Pelagic deposits formed 
in deep waters far 
away from land, 


Terrigenous deposits 
formed in deep and 
shallow water close 
to land masses. 


Average depth at which each of the more important deposits is found# 
percentage of CaCOa, and area of distribution — 
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Mean depth 
in fathoms 

Mean percen- 
tage of CaCOo 

Area in .square 
miles 

Red clay 

Kadiolarian ooze 

Diatom ooze 

Globigerina ooze 
Pteropod ooze 

f Coral mud 

jDoral sand ] 

Other terrigenous de- 
posits 

2,730 

2,894 

i >477 

1,996 

I5O44 

740 \ 
176 / 

1,016 

670 

4*01 

22 ‘96 

64-53 

79-25 

86*41 

19.20 

51.500.000 
2,290,400 

10.880.000 
49,520,009 

400,000 

2,556,800 

16.050.000 


nartTTf Z ^ T? in the deep 

•baniknt^fn th!i r 5 f "? 2300 fathoms, and far from land. It is especially 
consists Pacific and the deeper parts of the Atlantic. It 

wi j >•^>< 3 “ of dissolved calcareous organisms, siliceous remains, 
nvdmWicme^f«;"‘“?‘'"‘'?* P““‘“ v^nd-borie volctmic dLt 
“ “i constitutes one-half of the deposit, but 

? P®«® does not exceed a per Lnt. Its 

fhlitJ i uf .“‘ *KPf®f“C« of oxides of iron and manganese formed from 
anvhsu'dB^lmSi^° matenaL These oxides also form deposits around 
fZ, . milxu ?*■ “,®dule* so formed, and varying in size 

‘f ®" fPP *’ *'® *°““d abundantly in red clay. They occur 
SarW ^r^^Ti^ concentric zones of manganese fiydrate around 
j ? ‘^*€“*"‘8 of pumice, etc. Whether the 

mM^nwe is derived from the decomposing volcanic rock or from the sea 
wmtcr, is doubtfuL Besides the mineral particles derived fromdisintegratinc 
ptimice, rw clay contains particles of Secondary origin belonging to Ac 
CMSS neoUteSf and formed in siiu from the materials in the clay- Particles 
or extra-terrestrial origin are also met with in red clay. These 
«e black and brown spherules which can be attracted by a magnet The 
«/*• ^ diameter, have an external crust of 

m^etic oxide of xron* and a nucleus of iron or iron alloyed with cobsjt 
and nichela The brown spherules are about i inch in diameter, formed of 
pyroxene, and have a pecuBar radiated lamdil^ structure, similar to that 
found in meteorites^ ^ 

The prwence of vertebrate remains belonging to extinct snedes, the 
^ manganese nodules, and crystals of zeSites, and the oooarwice 
of tnetauic and stony chondrol of cosmic origin, all prove that red 
accumulates at- a very slow rate- , ■ jwj 

Badlola^riiax otxee is the name gjven to the otxse that contams ner 
cent or more of the sniceotis shells of these minute animals- It S foundin 
some of the dwper parts of» the Central Pacific and Indian oceans,^ere 
jj^lariat^ ^undiOtt the tur^, but It is not foond in the A^antia 
TOls ooze is ^e iame In exposition as ttie red day, >^th ihe addition of 
*^!£!2?*** eploi^ ^ n^y so aNsJuhIp in see .waler as ealcium 

y«mi3aif M yadiolat;|ai shdlSi sponge 

iillwwu* fhntulw of dloteate. It 1» » ^^peelt^f th« Muthorn 
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ocean, within the limits of the Antarctic ice drift. When wet it has a 
creamy colour, and when dry looks like flour. Fragments of granite, sand- 
stone, and other terrigenous mineral matter is often met with in this ooze 
Diatom ooze has been found also in the North Pacific. Both radiolaria 
and diatoms obtain their silica from the slight quantity in solution in the 
sea water, and probably also from the fine clayey mud in suspension, 

Glohigerina ooze is a deposit containing from 30 to 90 per cent, of the 
calcareous shells of foraminifera (those of the genus Globigerina being most 
abundant), with an admixture of mineral particles and siliceous shells. 
These animals live in the surface and sub-surface waters of the ocean in 
countless millions, and on their death their shells fall in myriads on the 
bottom of the sea. Near the land the shells become covered with deposits 
from the land {terrigenous deposits), and in the deepest parts the shells are 



Fig aoi.*— Diagram showing Oceanic Deposits at Vaucub Depths. 


dissolved before reaching the bottom by the agency of the CO, in sea water. 
But between 500 and 2500 fathoms this ooze is found covering nearly 
50,000,000 square miles of ocean floor, and it is especially abundant within 
the tropics. Seen under the microscope, many of the tiny shells of Globi- 
germa o(^e are found to closely resemble those of chalk. The carbonate of 
1 secreted from any lime salt, the animalitself supplying 


Pteropod ooze consists of the delicate shells of surface-living molluscs 
especially pteropods, that live in the tropical seas. It is not found below 
1000 fathoms, and only covers about 400,000 square miles in the Atlantic 
Blue mud IS the inost extensive of the land-derived deposits found in dee*D 
water. It is found along the coasts of continents and continental islands, 
and m ^me enclosed seas up to distances of 100 fo 200 miles from land 
though Congo and Amazon mud have been found 500 miles from the shore. 
Blue mud consists of the fine sediment carried out by rivers with a 
vatying proportion of sand and other mineral particles and sdme marine 
oi^ganisms. The material teied out to sea by rivers is about thirty-three 
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times as much as that worn from land by waves, tides, and currents. The 
blue or slaty colour is mainly due to the presence of sulphides formed out of 
sulphates by the reducing action of decomposing 
organic matter. Ferric oxide is also reduced to 
ferrous oxide, though in some cases the ferric oxide 
is so abundant that the deposit is known as red mud. 

Green mud takes the place of blue mud off steep 
coasts without great rivers, as the south of Africa, 
south of Australia, and west of North America. It 
contains a greenish mineral called glauconite, which 
is a hydrated silicate of iron, potassium, and alu- 
minium, The glauconite appears as grains or con- 
cretions, and is often found filling the shells of 
foraminifera. It appears, indeed, to be formed, in 
the first instance, in the shells of calcareous organ- 
isms by chemical changes that begin in the ocean- 
bed. 

Volcanic mud and sand are found deposited around 
\"olcanic islands and shores. The deposits consist of 
fragments of igneous rocks such as are ejected by 
volcanoes, the deposits getting finer and more mixed 
with pelagic organisms as the distance from the shore 
increases. In course of time, sea-water effects 
chemical changes in some of these rocks. The finest 
particles from a volcanic eruption may, indeed, be 
carried all over the globe, as in the case of the 
ertt^on in Krakatoa. Pumice-stone, being so porous, 
floats for months, and drifts long distances before it 
become w«fter<'lo^ed and sdnks. 

Coral mod stM imd are found aiMmd coral islands 
and reefs. It ceo^fsts of 'cdleiuin carbonate with 
rema*hS'Of mattnd onganisms (see ‘Blem. Physiog.,’ 
ohag.vii.). 

toe physical conditions ft great depths in the 
sea are remarkable. The is only 

a'' few diegi^es' above the .presw® 

ijeidLy darkness, no 

movement oi IMer mes and flvere is no 

Physfog./ par. 
lain of on ^ ^ deMase 

topf ihe^ 300a. 

debase as flrsvb^ aflei; wards' a ' 
one (see '202); ll Is probable : 

de|^ is derived foom the > 
slow* of cold water, that flow afontg' tfeo 

bottmaa Isom the poles to the equator,. But tthe temib 

the wean is not always, the same fot the 

,S^e hAitudei In some parts rk%es ^amxjss an 

of fhe cold water cm the polar side pf the reacdiin^ife 

A equatorial slde^i' It ^mt^t ■ be rehiefoWeo that the csoldec , 

Javier it is, bdlh (bv beik, aied the lovrer it sinks. Tl%t^ 
sea cm the ^uatoM sides of the mdge will have the 


' Cplwea'' 
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temperature as the ridge water, and not the low temperature of the same 
depth on the polar side of the ridge. 

The increase of pressure produced by the overlying column of water is 
Every additional 32 feet of water may be taken as an 
additional atmosphere (the atmospheric pressure at sea-level being taken 
at 15 lbs. per square inch), and thus it is easy to calculate the pressure 
at any depth. Before we reach 1000 fathoms, there is a pressure of one 
ton to the square inch. At a depth of 2500 fathoms the pressure is, 
roughly speaking, 2i tons per square inch. One effect of this enormous 
pressure is to compress the lower layers of water, so that there is a small 
gradual increase of density in sea-water as we pass downwards in spite 
of the almost incompressible nature of fluids. Thus at the surface the 
density or specific ^avityof .sea- water is 1*025; at 100 fathoms, 1*038; 
at 500 fathoms, 1*031 ; at 2000 fathoms, 1*053. The gradual increase, 
though small, is important, for were the density throughout the same as 
at the surface, the level of the sea would be raised more than loo feet. 

Another result of the great pressure in the deeper parts is manifested 
during deep-sea sounding. The sinkers employed to carry down the line 
and tube cannot be raised back to the surface owing to the enormous 
pressure upon them, and consequently they are detached. and left at the 
bottom ; while the thermometers used to take the temperature (see 
par. 299) require to be protected from the great pressure in very stout 
sealed glass tubes, t 

Further, although there is no vegetable life in the ocean abysses, a 
deep-sea fauna exists. These deep-sea animals have become adapted to 
live under the enormous pressure, so that when brought by the dredge 
from the deeper parts, they become distorted and killed as they pass into 
r^ions of greatly diminished pressure. Sunlight does not penetrate the 
waters beyond a depth of 560 fathoms, and hence the abysses are not only 
cold and under enormous pressure, but dark. Hence many deep-sea fishes 
are blind, but others have large eyes and possess curious light-giving 
phosphorescent organs on the side of- the body, or at the front of the 
head (see * The Fauna of the Deep Sea,* by Hickson). 

Note on ‘Rotation of the Sun, 

In par, 79^ we have shown how the smi*s rotation is proved and the 
rotation period found by observations of sun-spots. Its rotation has sdso 
been proved and its rate of rotation fotmd by the use of the spectroscope* 
The eastern* or left limb of the sun is advancing towards ns, .and Ch# 
Fraunhofer lines in light taken from this limb show a slight shift towards 
the violet end of the spectrum, while the light taken ixQta thO retteajtltic 
western or ri^ht limb show these lines slightly displaced towards the red 
end. This displacement of the lines proves the rotation of the sun» and 
from the amount of displacement the rate of rotation can be calculated. 
'Even the diminishing rate of rotation aS we pass from the stin’s equator 
has been indicated by the spectroscopic method. , , 

^ On methods of .sounding or modes of determining depths 
see * Elementary Physiography,* chap. vUi. 
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Notes on Geysers and Mineral Springs, 

Geysers and Mineral Springs. — Geysers are hot mineral springs that 
send out their products (steam and hot water) in more or less regular ex- 
plosive eruptions. They are only found in certain volcanic districts, and 
mark a declining stage of volcanic action or energy in which the eruptive ' 
power remains, but, instead of molten rock mixed with much water being 
ejected, as in volcanic eruptions (see ‘Elem. Physiog-,* chap, vii,), only 
water and such mineral matter as can be dissolved in it are sent out. In the 
case of both geysers and volcanoes the chief eruptive agent is steam. Consider 
the structure and mode of action of a geyser as exemplided by the Great 
Geyser of Iceland. There is a natural opening at the surface, from which a 
tube descends some distance through heated rocks into the earth’s crust, 
and around the surface opening is a basin- 
shaped mound of sinter. Underground 
water, originally derived from the surface, 
but raised to a high temperature by the 
heated volcanic rocks, is continually 
passing into the tube, and this water is 
periodically ejected by steam generated 
under pressure near the middle of the 
tube. This is Bunsen’s explanation. 

Fig. 203. illustrates the structure of the 
Great Geyser. On the left is placed a 
series of figures showing the tempera- 
tures observed at certain depths, and on 
the right are placed the temperatures 
of the boiling-point at these depths. (It 
must be remembered that the boiling- 
point of water is 100® C. or 212® F. at 
the normal pressure of the atmosphere, 
but that the increase of pressure due to 
the overlying column of water raises the Fig. 203.— Section of Oreat Geyser. 
boUtog-point attach level.)^ It be 't 

observed that the temperature in the Centigrade those on the right the 

tube of the geyser . increases with the temperatures of the bdling^point at 

depth, but thab in no case is it at the indicated. S « Smter. 

lx)iling»point for that depth. It is, ^ 

however, neatest* the boiling-point near the middle of the tube at d. 
When, ther^ore, the stratum of water at d gets raised near to r, it 
reaches the boiHnf-pniirt at that depth, passes into steam, and the ex^’ 
ttoive force Of this stenm htnris aloft the column of water above.- After 
the eriiption; the and?; basin again fill, ^d in time another 

agam'oeOUts. ^ ^ ’ 

OrdiniiiLiy. cold ^at con^ns carhgn dioxide in solution only 

btrt,^e geysers is also iWe to dissolve soda and potash* out of 

the volcsJnic rocks, and it thus becomes alkaline. This alkaline hdt ^ter 
is then capable* of dissolving silica out of the silicates in the volcanic rocks 
(see.pv 362, ♦HydK^ermal Action *)- Hence, the waters ejects by geysem 
contain much mineral matter in solution, the chief of which is silica. As this’ 
ejected water evaporates, the silica is deposited as a light porous mass, sil> 
c&rus sinter^ or geyserite^ on the surface of the ground around the opening of 
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the tube, where, in the course of time, it forms a considerable mound or 
terrace. Minute plants belonging to the family of algae are capable of 
living in the hot water of the geysers, and these secrete a portion of the 
dissolved silica, so that on their death they assist in forming the siliceous 
sinter deposit. Siliceous sinter is thus, to some extent, an organic rock 
(see * Elem. Physiog.,’ pars. 1 15 to 135). 

The three chief geyser regions of the world are the Yellowstone Park in 
Wyoming (U.S.A.), a district in Iceland near Mount Plecla, and a district 
in the North Island of New Zealand. In the Yellowstone Park there are 
about seventy geysers, besides a large number of hot springs from which 
the water flows steadily. One of the geysers, Old Faithful, throws up a 
column of water about 6 feet in diameter and 150 feet high every hour, 
while another, the Beehive, sends up a column 220 feet high at intervals 
of 14 to 16 hours. The Great, Geyser of Iceland is a tube about 70 feet 
in depth and 9 feet in diameter, with a circular basin some 72 feet in 
diameter at its top. It sends out a column of steam and water about 100 
feet at irr^ular intervals. The geysers of New Zealand became famous 
on account of the beautiful white terraces of siliceous sinter which they had 


formed, but these were largely destroyed by earthquake and volcanic 
activity in 1886. 

Besides the eruptive fountains of hot water called geysers, there are 
several other kinds of spring fed by subterranean waters (‘ Elem. Physiog.,* 
pars. 237 to 243). Even the clearest springs contain dissolved in them 
atmospheric gases, and a small quantity of solid matter derived from the 
rocks and soils traversed (the solid matter being chiefly calcium carbonate 
and sodium chloride). Springs which hold an unusual quantity of solid 
matter in solution (more than i gram per litre) are called mineral springs. 
Mineral springs are sometimes hot and sometimes cold. Nearly all hot or 
thermal springs are also mineral springs, owing to the increased solvent 
power of water when hot. The mineral springs at Carlsbad and at several 
other German spas have a temperature of 150*^ F. ; that at Bath has a 
temperatute of 120° F. 

*rhe chief varieties of mineral springs may be classified as follows 
(a) Cakareons Springs contain calcium carbonate in such quantii^ as 
to be deposited on objects and surfaces over which the water flows. These 
flings occur in such limestone districts as Derbyshire and parts of Tuscany. 
The deposit in some cases is so abundant as to form masses or hills of 
calcareous sinter, called travertine, 

(h) Chc^lyieate or J^errugincfus Springs have in solution an oxide of ir<;«i 
in addition to other salts. These springs give rise to a yellowishHrfed 
deposit of hydrated iron oxide in the channels along which they fow. 

(c) Brifte Spnng^f axe springs that contain in solution a quan^fey 
of sodium chloride, or common salt. Such spring^ are fouhdln 
Cheshire, in the north-east of Austria, and in Wurtemberg, 

id) ^phur Sprite aje springs that contain in solutioh* sulphuretted 
hydrogen ga5> and scane^imos 'matallic sulphides in addition. Those al , - 
Aixda-'Chapelle and liamjgjate' are weH known. The former : is a tberiaiui' 
spri»f» but the latter is cold,. ‘ , ' ' ■ f., 

' & ^ are of petnikum, ox xodkH!>fl. The ' - 

v, (^wAernTe^ qp the shores of the 
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SYLLABUS OF THE SCIENCE AND ART 
DEPARTMENT, SOUTH KENSINGTON. 

SUBJECT XXT/L— PHYSIOGRAPHY. 

Second or Adranced Stagre. 

{Reference should he made to my ‘ Elementary Physiography^ * for some of the 
subjects in this sta':;e. See also the Index to this hook. ) 

Mailer. — Rigidity, elasticity, compression, and torsion. 

PVave-Motion. — Nature of waves in water, sound-waves in air, and 
radiation waves in ether. Molecular vibration. Absorption of wave- 
motion. Velocity of sound-waves and of waves in ether. 

Energy and Work. — Conservation, transmutation, and degradation of 
energy. Simple laws of the pendulum. 

Seat and Temperature. — Registering thermometers,, pyrometers. 
Capacity for heat and specific heat. The mechanical equivdent of heat. 
Experimental determinations of the mechanical equivalent o^eat, 

The Aimosphere.^hXmot'^&fds. refraction. Absorpti^ of radiant 
energy by the atmosphere. Action of dust and fine particles. 

Atmospheric Phenomena,^tI^z.tei and rainfall. The formation of 
dew. Determination of the dew-point. Cyclonic and anticyclonic 
movements of the atmospWe. ^ Weather charts. Isobars. 

inft«ice4 and nltra-violet portions of the spectrum. 
The liherha^ <ih<^icffd efifects of the spectrum. Absorption 

of dork ra&ticm by wa^SrS^tpr and its effects. Causes of the colour 
of,t^;aky itni;!se^ l^tningand the Aurora. 

; 4*)^ and in inland seas, their cause. 

the British. Islands j spring tides* neap 
titer' Elite Heights and breadths of waves. 

Abysmal deposits. Tempera- 
tlire el aiwS different depths ; effects of pressure in 

the dteht. Classification and rnqde^ of origin of lakes. 

The The chief varieties of rocks of which it is made 

up. composition, crystaHine forms and physical properties of 

the m^-cpinten row-formiSag nxlneralSr Distribution of temperature in 
the eaSi^nruHi Methods of determining temperatures in mines, bore-, 
etc. ' ai*d naine^ spring The formation of mineral 

vtea. %e distobmikmand causes of volcanic and earthquake phenomena. 
Idtoometry, and stndy of earthquake waves. The great movements 
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that take place within the eartli^s crust. Folding, faulting, and the 
production of mountain structures. Action of rain, rivers, glaciers, and 
the sea in earth-sculpture. Deposition of sediments and the formation of 
stratified rocks. 

The Universe. — Methods of determining the rotation and revolution, 
precession and nutation of the earth ; and its distance from the sun. Sun- 
spots and faculse and the sun’s rotation. The planets and their moons, 
periods of revolution round the sun. The law of gravity in the solar 
system. Discovery of Neptune. Comets, their nature and orbits. Stars, 
their classification into magnitudes. Proper motions of stars. Photo- 
graphic star charts. Variable stars. Double stars. Nebulae. 

Terrestrial Magnetism, — The horizontal and vertical components of 
the earth’s magnetism. Position of terrestrial poles- Variation of the 
needle. Diurnal and other variations. Connection between Aurora and 
magnetic storms. 


Honours. 

Candidates for Honours will be required to show a fuller and more 
exact knowledge of the subjects comprised in the Advanced Syllabus, and 
in addition to answer questions concerning^ — 

The density and probable composition of the earth’s interior. Meteorites : 
their chemical composition, mineralogical constitution, minute structure, 
and their resemblances to and differences from the rocks of the earth’s 
crust. The classification of meteorites, the characters of their surfaces, the 
circumstances attending their fall, and their relation to * shooting-stars,’ 
must also be understood. 

Principal of spectrum analysis. Selective absorption. Reversal of 
spectral lines. KirchofTs experiment. Stokes’ law. Fraunhofer’s lines. 
Solar and stellar snectra. Classification of stars according to their spectra. 

.j^Sources of solar energy and the state of our present knowledge of the 
varWs phenomena occurring on the sun’s surface. 

The sun-spot cycle and its assumed connection with terrestrial pheno- 
mena. The nebulse and meteoric hypotheses. 


QUESTIONS FOR REVIEW. 


Those marked with a star are Men from papers set hy the Sdenee dnd 
Art Department. 

: I.* Describe how the position of a star is defined. 

z.* How are the daily and yearly apparent motions of the ^ 

'* ‘3-. Define the terms meridian, ifght ascension, declinatipni, priW- 
zodiac, solstices, objlq^dty of ecliptic. ^ ' 
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4. Where is the constellation Aries now in relation to the intersection 
of the ecliptic and equator, and why is S removed ? 

5. * Describe the construction of both a reflecting and a refracting tele- 
scope. 

6. * Describe the construction of an achromatic object-glass. 

^ 7. Why does atmospheric refraction increase a star’s altitude ? Where 
is it greatest and where least ? 

8. * State what you know about Kepler’s laws. 

9. * What is the synodic period of a planet ? 

la* What are the chief elements of a planet’s orbit ? 

11. * What are the views entertained at present concerning the nature 
of Saturn’s rings, and what are the facts on which these views are 
oased ? 

12. * What is the cause of the seasons ? Contrast the seasons of Mars 
and Jupiter. 

13. * How are observations made with the transit-circle, and what is 
their object ? 

14. * Describe the uses of the transit instrument. 

Draw the apparent form of the moon at the first and third 
quarters, and give diagrams showing the relative positions ot the moon, 
earth, and sun, at these periods of the lunar month. 

16. What conditions must concur to produce a lunar eclipse? Why 
can there not be an annular eclipse of the moon ? 

17. Why is the sidereal month shorter than the S3modic ? How many 
times does the moon turn on its axis in a year ? 

1 8. * State what you know about the composition of white light, and 
show (i) how this may be studied by simple experiments, and (2) its bear 
ing upon the composition of stars? 

19. * Explain the terms ‘dispersion’ and * minimum deviation’ as applied 
to a ray of light. 

’ 20.* Describe the construction and mode of use of the spectroscope. 
State what you know about the spectrum of sodium, of chlorine, and of 
the sun. 

21. * How do we account for the dark lines in the solar spectrum ? 

22. * What has the spectroscope taught us respecting the chemical and 
physical constitution of the atmosphere of the sun? 

23. * State what you know about sun-spots, and explain the terms, 
corona, chromosphere, photosphere, faculse. 

24. * Describe the surface of the planet Mars. 

25. When is a planet an evening star ? When a morning star 7 

26. Can there be a transit of Mars across the sun’s disc ? 

27. How is the rotation of the sun pn its axis proved ? 

28. What is the motion of the moon’s nodes? 

29. Describe some of the telescopic features of the moon. 

30. How can the distance of a meteor from the observer, and its 
height above the earth, be determined ? 

31. * What are the principal phenomena observed in a total eclipse of 
the sun? 

32. * What terrestrial phenomena seem tp be coimected with the number 
of spots seen on the sun at different tim« ? 

33. * How are the tides caused, and what is meant by ‘spring* and 

‘neap’ tides? ^ ^ 

34. * Explain by jthe aid of a sketch-mftp the course of the tidaT wave 

around the Britiidi islands. ^ 

tb 
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35. What changes are usual If observed as a comet approaches and 
recedes from the sun ? 

36. * State what you know concerning the connection between comets 
and meteorites. 

37. Describe the physical appearance and structure of meteorites. 

3S. * Compare the composition of meteorites with that of the earth’s 
crust. 

39. Name the minerals peculiar to meteorites and give their chemical 
composition. 

40. * How does mean solar time differ from the time shown by a sun- 
dial, and how is it regulated ? 

41. * What meant by the equation of time, and how is it arrived at ? 

42. * What is the cause, and what the result, of the precession of the 
tquijioxes ? 

43. * State what you know about nutation. 

44. The mean right ascension of Sirius on Jan. i, 1S47, was 6 h. 38 m. 
25s., and on Jan. i, 1877, 6h. 39m. 44s. Explain the cause of this 
alteration. 

45. Explain 'sidereal year,* ‘tropical year,^ and ‘anomalistic year,* 
and show the relation that exists between these different kinds of years. 

46. Prove that the latitude of an observer is equal to the altitude of the 
celestial pole, or the declination of the zenith. 

47. * How is the longitude of a place on land determined astronomi- 
cally ? 

48. * What are the methods generally adopted in measuring a base-line 
for a gcrjdetical survey ? 

49. ’*^ How is the length of a degree on a meridional arc measured ? 

50. * How has the shape and size of the earth been determined ? 

51** How has the density of the earth been determined ? 

52.* How has the distance of the moon been determined ? 

S 3 ** State how the distance of the earth from the sun has been deter- 
mined by observation of Mars at opposition. 

54. * Describe the different methods of determining the distance of the 
sun from the earth, 

55. Is it absolutely necessary, as often stated, to find the diameter of 
the earth in order to find the distance of the sun from the earth ? 

56. * What is meant by the aberration of light ? 

57. * How does the constant of aberration enable us to determine the 
distance of the sun? 

58. * 1 low are the distances of the stars determined ? 

59 * How does the law of gravitation enable us to find the mass of 
the moon, or the mass of the sun ? 

60. * How has the mass of Jupiter been determined ? 

61. How may the stars be classified according to temperature ? 

62. * State what you know about variable stars. What causes of 
variability have been assi^ed ? 

63. * D^ribe the vanous forms of nebulse. 

64. Write what you kuow about the spectra of nebulm. 

65. * What are the chief corrections which it is necessary to apply to 

readings of a baroniei^? , 

6^.* How would you,c:^plainthe low temperature which prevails in tlie 
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67. ’*' Describe the trade winds, and*state the causes to which they are 
due, 

68. * Describe the monsoons ; stating the periods at which they blow, 
the countries in which they are felt, and the causes to which they are due. 

69. * What are cyclones and anti-cyclones; how are they produced, and 
why does the wind move in opposite directions ? 

70. What are the chief causes that give rise to ocean-currcnts ? ^ 

71. * Explain the influence of the waters of the ocean in modifying the 
climate of the adjoining land. 

72. * State what you know concerning the distribution of temperature 
in the waters of the ocean. 

73. * How has the vertical distribution of temperature in the waters oi 
the ocean been determined ? 

74. * What is a dip-circle or dipping-needle ? How is it used, and what 
has it brought us ? 

7$.* Describe the instruments by which the distribution and intensity 
of terrestrial magnetism have been determined. 

76.* How is the intensity of terrestrial magnetism at any place of ob- 
servation determined ? 


77. *^ Wliat facts relating to terrestrial magnetism are given in a 
magnetic chart of the earth’s surface ? 

78. * How has the rate of increase of temperature in going downwards 
in the earth’s crust been determined ; and what are the chief sources of 
error in such observations ? 

79. What evidence have we to show that the climate of Britain has 
undergone great changes ? 

8a What astronomical causes are at work that may lead to such 
changes ? Are they suffleient ? 

Describe the chemical and mechanical agencies by which rocks 
are disintegrated. 

82. * Give the names of the minerals which make up the rocks called 
* granite,’ * trachyte,’ and ‘ basalt,* and state what you know concerning 
the chemical composition of these rocks. 

83. * Explain the differei^t methods by which limestones have been 
formed. 

84. * State the characters, of the chief varieties of lava with which you 
are acquainted. 

85. Give an account of Dctplace’s hypothesis, stating the grounds on 

which it was based. v , * . - , 

86 . What has been leint ^ speqtrpseopic 

meteorites? • . ■ “ 

?7; Describe Lockyeris * 

VVhat do you, hmw the spectra ^ 

Desc^bemecpnstTT^cdon ajufU-use of th^ ~ 

^ doe^ the spectrosoopei^ah^e m, i^eastaxe the 
fa, fe ^e 

hi miles* mund'T’V' , ^ ''V . , ^ i'" ■ * u. ’ '( y >, 


Read 

, shsaUar qwtlons^ 
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94. How is the proper motion the stars detected (i.) by the telescope, 
(ii.) by the spectroscope? 

95. Explain the meaning of the terms elasticity ^ limit of elasticity ^ and 
degree of elasticity. How is elasticity measured? (par. 284). ^ 

96. What is meant by the term rigidity, and how is it measured? 
(par. 285)* 

97. Illustrate the meaning of the term compressibility. How has it been 
shown that water is compressible ? (par. 286). 

98. What are the different kinds of elasticity, and how is each kind 
estimated? Why do you say that steel is more elastic than rubber? 
(par. 284). 

99. State the laws of torsion. How are they found? ^ How can 
they be used to prove the rotation of the earth and to find its density ? 
(par. 287). 

100. Describe the general nature of wave-motion. What are longitudinal 
wceoes^ and what are transverse waves ? (par. 288). 

1 01. Give a short account of the various radiation waves that pass along 
the ether (par. 290). 

103, Explain why we regard waves of radiant heat, of light, and of 
chemical energy as all of one kind. Show that some ether waves manifest 
dl three kinds of energy (par. 290). 

103. Show that at each end of the visible spectrum of white light there 
is a manifestation of radiant energy that does not affect the eye. 

104. Give some account ot the absorption of wave-motion (par. 
291). 

105. Compare the velocity of w^ater waves, sound waves, and waves of 
ether. Compare also the wave-form in these cases, and explain the terms 
wave-length, phase, and amplitude (pars. 292, 28S). 

106. Of what does atmospheric dust consist? What effects do the 
dust-particles produce in the atmosphere? (pars. 294, 295). 

107. Explain what is meant by the mechanical equivalent of heat, and 
point out how it has been found ? (par. 296). 

108. Why is energy regarded as undestructible ? What is meant by 
the ‘degradation of energy ’ ? (par. 297). 

109. State the chief laws of the pendulum. Why does the length of a 
seconds pendulum vary at different latitudes ? (par. 298). 

1 10. How have the pendulum laws been used {a) to prove the rotation 
of the earth, (^) to find the density of the earth ? 

111. Describe a thermometer used {a) for finding deepvsea temperatures, 

(^) for finding underground temperatures (par. 299). , . ^ „ 

1 12. What is a pyrometer? Explain some method by lyldch iBe 

melting-point of a rock or of a metal has been found ? (par. 299^; , 

1 13. What is the meaning of the term ‘ dew-point ’ ? How (s th^ dew- 
point found? What use is made of it when it is found ? (par. 

1 14. How have the great movements of the Earth's crust been - 

about ? What has been the result of these movements on the struSt^lC^ 
the rocks? (pars. 279 and 280). - 

1 15. Explain the terms, anticline, fault, downthrow, and thrust-plan®;' 
and point out how each is caused (par. 280), 

1 16. What is the general structure of a great mountain range ? What 
forces have been at work in producing it? (par. 281). 

1 17. What is known of the internal structure of the Mont Blanc 
ranee in the Alps, and of the causes that have produced the folding and 
fettlling of the rocks ? To what causes are the present form of the ranee 
due? 281). 
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1 18. Point out the operations and forces at work in the production of 
{(t) folded mountains ; {&) mountains of accumulation ; (^) mountains of 
circumdenudation (par. 281). 

1 19. How are volcanic phenomena and earthquake phenomena 
associated ? Explain the terms epicentrum^ co-seismic lines^ and iso-seismk 
lines (par. 282). 

120. Describe some form of seismometer, and explain what it measures 
(par. 282). 

121. Point out the different kinds of lakes, and tell what you know 
of the oris:in of each kind (oar. 282I. 

122. Give some account of abysmal deposits (see ‘ Elem. Physiog.,’ 
chap, viii., and Appendix to this book, p. 376). 

123. What organisms have the power of separating silica from sea- 
water, and what deposits are formed by these organisms? (see pars. 177 
and 187, ‘Elem. Physiog.,’ and Appendix). 

124. What do you know about the surface temperature of the sea in 
various latitudes ? What is known about deep-sea temperatures ? (‘ Elem. 
Physiog.,’ chap, viii.), 

125. Describe the effects of pressuie in the deeper parts of the ocean, 

126. How can a photographic star chart be obtained ? What is the 
use and value of such a chart ? (par. 232). 

* 127. What are double stars? How has the physical connection of 
certain double or binary stars been found ? (par. 226). 

128. When are stars termed vaHahle? Give examples of such stars, 
and point out the causes which may give rise to the variability (pars. 
223-225). 

129. Explain what is meant by the ‘proper motion of stars,’ and how 
it is distinguished from the common apparent motions. 

130. What connection has been observed between sun-spots, aurorse, 
and magnetic storms ? (par. 83). 

13 1. Give some account of the origin (a) of mineral veins, (^) of hail 
(see Appendix). 

132. Describe the spectra of nebulse. In what other celestial bodies 
is helium found ? 


SCIENCE AND ART DEPARTMENT EXAMINATION, 

May, 1889. 

Second Stage, ot Advanced Bzamination. 
IjSrStRtJCTIONS. 

Vpu are permitted to attempt only five questions. 

The value attached to each question is the sasne. 

What is meant the proper motions of the stars, and how has the 
distance of certain stars been ascertained ? 



jgo Advmced Physiography 

22 Explain the precautions necessary in determining the temperature 
of the earth’s crust at different depths — 

{a) In mines and tunnels. 

\bS In wells and bore-holes. 

23. What is meant by magnetic declination and inclination respectively, 
and how may each be observed? 

24. What are isotherms ? What are the data required for drawing them 
upon a globe ? Why do isotherms vary from parallels of latitude ? 

25. The sun’s attraction at the earth’s surface is much greater than that 
of the moon, yet the moon is the more important agent in producing tides. 
State the exact reason of this. 

26. Explain the ordinary method used in determining the ‘ mean annual 
rainfall ’ of a place, and state the chief sources of error in the observations 
which have to be made. 

27. State what you know about nebulae. 

2k What do you know about the foraminifera and the part which the) 
play in building up rock-masses. 

Hononrs Examination* 

Instructions. 

You art j^ermitted to attempt alt^ or cmy^ oj the questions. 

The value attached to each question is the same, 

41. How has the mass of the moon been determined from lunisoi^ 
precession? 

42. Describe some recent results obtained by means of long-expose 
photographs of the heavenly bodies. 

: 43. What are geo-isotherms ? State what you know concerning the 
position of those within the earth’s crust. 

44. Describe the different methods which have been devised for record- 
ing the duration and intensity of sunshine on different da}^. 

45. Give an account of the results which have been obtained by recent 
researches in connection with one of the following subjects ; — 

ftf) Laplace’s hypothesis of the origin of the sun and planets- 
(h) The transmission of great air-waves during volcanic outbursts 
of exceptional violence. 


TRAINING COLLEGE EXAMINATION, 1889. 


Second Stage, or Advanced Examination. * 

Instructions, ; 

You are permitted to, attempt only five of the following 

The i}(me attached ^ each question is the same, t 

X. . Ho^«<does a Iraps^f instrum^t enable us to keep a 

2. Whut do you knw the proportion of 

theatm^phete* the st^e%’:\®ch': it exists, and the sources from which 
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3. Why does the spectroscope enalSe us to view the solar prominence'; 
without an eclipse? 

4. What do you know concerning the temperature and density of the 
deeper parts of the oceans ? 

5. Describe the observations necessary to measure an arc of meridian. 

6. What are the nature and origin of the electrical effects that ac- 
company a volcanic eruption ? 

7. State the magnetic elements, and how two of them are obtained, 

8. Compare the action of rain and rivers in producing the features of 

the earth’s surface. . 


Honours SzaminatioxL 
Instructions, 

iou are pe^nitted to attempt four of the questions* 

The value attached to each question is the same* 

1. What are the views held as to the origin of comets* tails? 

2. Describe the mode of occurrence of metallic iron in meteorites and 
in certain rocks belonging to the earth’s crust. 

3. Describe the spectra of the nebulce. 

4. Give an account of the results obtained by the most recent attempts 
to determine the rate of increase in temperature as we descend in the earth’s 
crust. 

5. Give an account of recent researches in connection with one of the 
two following subjects 

(a) The cause of variability in stars. 

{h) The origin of dew. 


SCIENCE AND ART DEPARTMENT EXAMINATION. 

May, 1890. 

Beoond Stage or Adranoed Slxamination. 

Instructions. 

you are permitted fa attempt onfy fiyr questions* 

The value attached to each pMim is the same* 

zi. What are the ^icts which, lead us to suppose that the moon has no 
atmosphere ? 

ZZ* What is Kva? In wto forms does it appear at the earth’s surface? 
State what 3^ Iww cohq^rinhg.te composition and different varieties of 
lava. , f . , , 

23. State vrfiit know ahdht the * Aberration of Light*’ 

24. How of the deeper parts of the ocean been 

determined ? 'kwv of the temperature of the ocean at 

'difcent depths. ’ 
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25. How is a measured * base-line* used in determining the length of 
an arc of meridian ? 

26. What do you learn from the statement that on one day the baro- 
meter indicated 29 inches and on another day 28 inches? State what you 
know of the causes that produce this difference. 

27. What observations are necessary to determine the * magnetic ele- 
ments ’ in an}r locality ? 

28. Describe the chemical changes which take place in the conversion 
of vegetable tissues into coal. 

Honours Examination. 

Instructions, 

You are fermitted to attempt aU, or any of the questions. 

The value attached to each question is the same, 

41. How have stars been classified in relation to their spectra ? 

42. What is a comet, and what are the changes produced in it during 
Its journey round the sun ? 

43. "V^at is known concerning the differences of properties of fresh 
water and the salt waters of the ocean ? 

44. Describe the chief methods employed for determining the heights 
of mountains, 

45. Give an account of the results which have been obtained by recent 
researches in connection with one of the following subjects ; — 

[d) The distances of the stars. 

(^) The origin of fogs and mists. 


Note. — It will he seen that the quesHo/ts are now given in two series — 
one relating principally to Physical Geography , the other relating to the other 
parts of the Syllabus. For Series 21 . Chapters vL to xiii. of the * Ele- 
mentary Physiography^ as well as Chapters x^. and xvi. of this hook^ shauld 
be carefully studied. 


May, 1891. 

Second Stage, or Advanced Ejeamination. 
Instructions. 

You are permitted to attempt only five questions^ three of which 
must be taken from one series, and two from the other. 

The value attached to each question is the same. 


Series I. 


21. What methods have been applied to determine the distance of 
the sun from the earth? 

22. How have the direction of the sun*s axis in space, and the period 


of rotation, been determined ? . . . 

23. What are the causes of the inequalities of the periods which elapse 
between successive passages of the sun over the same meridian ? 

CMve an account of the appearances, observed in the tdesp^^ on 
j of the planet Mars. 
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Series II. 

25. What is an earthquake? Explain the terms ‘coseismal lines/ 
* seismic vertical/ and * angle of emergence.’ What are the chief secondary 
effects of earthquakes ? 

26. ^ Why were the old soundings in the deep ocean unsatisfactory ? 
What is the essential principle of the modern apparatus for determining 
the depth of the ocean ? Give a sketch of one of these pieces of apparatus. 

27. Calculate the change in the weight of the atmosphere on a square 
yard of surface when the mercury in the barometer falls one inch. 

28. What are the chief organisms which form peat? Under what 
conditions is peat formed? 


Honours Examination. 

Instructions. 

You are pennitted to attempt ally or a?iy of, the questions. 

The value attached to each question is the same, 

41. Give an account of the changes brought about in the right ascen- 
sion, declination, and longitude of stars by lunisolar precession. 

42. State the telescopic and spectroscopic changes observed in comets 
as they approach perihelion, and the causes which produce them. 

43. State what you know concerning the supposed causes of the Glacial 
Epoch which have been advocated b^ different authors. 

44. Describe the nature and origin of spore-coals. 

45. Give an account of the results which have been obtained by 
recent researches in connection with one of the following subjects ; — 

(a) The rotation of Venus and Mercury. 

{h) The amount and the effects of the great pressure to which the 
lower layers of the oceanic waters are subjected. 


TRAINING COLLEGE EXAMINATION, 1891. 

Second Stage, or Advanced Examination. 
Instructions. 

You are permitted to attempt only five questions^ three of njoUcH 
must he taken from one serieSy and two from the other. 

The value attached to each question is the same. 

Series I. 

21. What instruments arc used in a magnetic observatory ? State the 
objects of the employment of each. 
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22. State the difierences in (^z)*the spectra, and (^) the nature, of slari 
and nebulae, 

23. What is the aberration of light ? How has it been determined ? 

24. What causes have been suggested for the variability of the light 
of stars ? 


Series II. 

25. Name the corresponding plutonic and volcanic rocks which are 
of {a) acid, {b) intermediate, and (r) basic composition, stating the minerals 
which are usually present in each, 

26, Name four different kinds of organisms whose remains go to form 
limestones, giving examples of either ancient or modem limestones com- 
posed of each of these organisms. 

27, Explain the conditions which give rise to — 

(a) Abundant rainfall. 

(b) Great drought. 

And give examples of districts characterized by — 

(c) Excessive rainfall. 

(d) Absence of rain. 

28. What do you know concerning the waters of the deepest parts ol 
the ocean as regards — 

(^) Temperature. 

{ 6 ) Density. 

(V) Composition. 

{d) The organisms living in them. 


Honours Examination- 
Instructions. 

ypu an permitted to attempt all, or any of, the questions. 

The value attached to each question is the same* 

41. What is known of the changes which comets undergo in their 
ioumey round the sun ? 

42. Describe the spectra of— - 

(a) Solar prominences. 

(^) Solar spots. 

43. mat is Ibown of the difference in the nature and rate of move- 
ment of glaciers in Arctic and Alpine regions respectively? 

44. State what you know concerning the nature and orkitt of flint 
and chert. 

45. Give an account of recent resmrehes in connection with one of the 
following subjects 

(a) The results of tidal action on the movements of the earth and 
moon. 

{b) The nature of lightning- flashes* especially as illustrated by 
photography'. 
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SCIENCE AND ART DEPARTMENT EXAMINATION. 

May, 1892. 

Second Stasre, or Advanced Examination* 
Instructions. 

You are pei^mitted to ATTEMPT only five questions^ three of 2vhich must 
he talim from one series, and two from the other. 

The value attached to each qu 'stion is the same. 

Series I, 

21. State the methods used in determining the density of the earth. 

22. What are the causes and what the efects of the precession of the 
equinoxes ? 

23. State the various methods now employed in obtaining the spectra of 
sun, stars, and nebulu. 

24. Give a method employed in the determination of the stellar parallax. 

Series II. 

25. State the points of resemblance and of difference between the 
glaciers of the Alps and those of the Arctic regions. 

26. What do you know concerning the marine formations which contain 
< glauconite,^ and the method of their formation ? 

27. Describe the chief results obtained when a sounding is made in the 
deeper parts of the ocean, 

, 2$. Describe the differences in the cKmate of the east coast of Labrador 
and the west coast of Ireland, aud, ^te the chief causes to which these 
; 4^«W5es are due* 


HotLours 


; / ^ ^ qmstiont^ 

Wfjk mlm uMs mm* 

41. State the are now made of photography in 

George Darwin's researches . pn the 
m & ^h and moon by tidal , 

&> ^tepii«l^ature, the density, and ‘the salhaity’ of, the 
• the oedim detenhbmd B 

^ <m W'WKte of of ^rthquake-waves be determined 

and yhat.^ the «hdel sources of ertpr in such 
'Pbiertatiori#?', "" < ' * 

i 'r ‘ 45. aoedunt of ^ re^ts Whi^i have been obtaihed by recent 

bf the^ fallowing snl^ts ^ 

™e pre^ durmg thunderstorms. 
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May, 1893, 

Second Stagre, or Advanced X::caniination. 
Instructions. 

You are permitted to attempt only five questions^ three of Tjohich must 
be taken from one series^ and two from the other. 

The mtue attached to each question is ike same. 

Series I. 

31. According to the almanacs, the time of sunset from December 7 to 
December 13 is constant, while the time of sunrise during the same period 
varies by 10 minutes ; why is this ? 

32 . Contrast the spectra of stars with those of comets. 

33. Give an account of the changes observed in the number and position 
of sun-spots during an eleven-year period. 

24. How has the map of England from the Shetlands to the Isle of Wight 
been constructed, with special reference to the latitudes and ihe distances 
apart of the several places shown ? 

Series II. 

25* State what you know concerning — 

(a:) The physical characters of lava. 

The chemical compositions of lava. 
if) Name three different kinds of lavas. 

(d) "WTiy is lava sometimes ‘ scoriaceous ' ? 

26. Describe the following : — 

(a) Globigerina ooze. 

( 5 ') Radiolarian ooze. 

(r) Diatomaceous ooze. 

(d) Red clay. 

Stating in each case under what conditions the materials are found. 

27. The atmosphere is at least 200 miles in height, but when we ascend 
to the height of 3J miles the mercury in the barometer falls to half its height. 
Explain the reason of this. 

( 28, (a) Describe the Gulf Stream. 

(b) How does it originate ? 

(e) State its effect on climate. 

(d) What is the ‘ Sargasso Sea ’ ? 

Hoziotirs Examination. 

Instructions. 

You are perfuiited to attempt all^ or any of the questions. 

Theualue attached to each question is the same. 

41. Give an account of the recent observations of ‘ new stars, and the 
conclusions to which they lead^ 

42. What are the principal phenomena observed during a total eel lose 

of the sun? ^ 
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43. State and explain the two chiertheorics that have been advanced to 
account for ocean currents. 

44. Name the six minerals that occur most commonly as rock-consti- 
tuents, giving the chemical composition of each. 

45. Give an account of the results which have been obtained by the 
recent researches in connection with one of the following subjects : — 

[a) The surface-conditions of the planet Mars. 

\b) The representatives of deep oceanic deposits among the 
stratified materials of the earth^s crust. 


May, 1894. 

Only five questions to be attempted^ three from one series and two front 
the other. 


Series I. 

21. “Why is Venus sometimes a morning and sometimes an evening 
star ? S'. ate its position with regard to the earth and sun— 

{d) At its stationary points. 

(^) At superior and inferior conjunction. 

22. How would you test the adjustment of a transit instrument with 
regard to the meridian ? 

23. What is meant by the proper motion of a star, and by a star’s 
motion in the line of sight ? How can the latter be measured ? 

24. State the methods which have been employed to determine the 
distance of the earth from the sun. 

Series II. 

25. {a) Draw and describe a form of maximum and minimum thermo- 

meter, and 

(^) State the approximate reading of such an instrument when it 
is let down a bore-hole 4000 feet deep. 

(<r) When it is let down to the floor of an ocean at a depth of 
3000 feet. 

[fi) When it is carried up in a balloon to the height of 5 miles. 

26. Describe the chief features of the following kinds of coral reefs : 
id) Atolls \ (b) Fringing reefs ; (c) Encircling reefs ; (/r) Barrier reefs. 

27. Name the minerals which are present in: (a) Hornblende-^anite ; 
(b) Common basalt ; («:) Crystalline limestone ; (d) Hornblende-schist. 

2$, Give an example (and in each case describe briefly the causes to 
which the peculiar climatal features are due) of— 

(a) A district in which the rainfall is abnormally high, 

(b) A district with no rainfall. 

(e) A district in which the mean annual temperature is much 
higher than that of other places in the same latitude. 

(d) A district in which the mean annual temperature is far below 
that of places in corresponding latitudes. 
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May, 1895. 

Instructions. 

You are permitted to attempt only six questions, three of which must 
he taken from each Series. 

The value attached to each question is the same. 


Series I. 

21. Describe one method which has been employed to determine the 
density of the earth. 

22. State the chief phenomena observed by means of the telescope and 
spectroscope in the heads of comets when they are near the sun. 

23. Describe the surface markings of Mars, and state the causes to 
which they have been attributed. 

24. Wily is the moon a more important tide-producing body than the 
sun? 


Series IL 

25. (fl) What are the properties which distinguish sea- water from 

river- water ? 

{b) What are the chief salts present in sea- water ? 

\c) How is the proportion of these salts to the water determined ? 

{d) How do you account for the fact that only a minute quantity 
of calcium carbonate exist in sea- water? 

26. Describe the nature and origin of the following phenomena of 
glaciers 

(a) Lateral, medial, and terminal moraines. 

\b) Glacier tables. 

{c) * Moulins ^ or glacier mills. 

{d) Crevasses. 

27. (a) Describe the C3'clonic movements of the atmosphere. 

{h) Describe anti-cyclqnic movements of the atmosphere, 

(c) What is the direction of these two kinds of movements in the 

northern and southern hemispheres respectively? 

{d) How does the study of these movements enable forecasts of the 
weather to be made ? 

28. {a) State the chief differences in chemical composition of the 

principal types of igneous rocks. 

{b) How do aqueous rocks differ in composition ? ' m . , 

(r) What is the chemical composition of the chief varielies Jd( 
metamorphic rocks? 

(d) Explain how aqueous rocks may be derived from ign^cWm^ 

metamorphic rocks. 

May, 1896. 

Second Stasre or Advanced Examination. 

Instructions. 

You are permitted to answer six questions. 7 'ke two in Section jf. 
be attempted, and not more than one may be attempted in any other ^ 

Section I. 

j.i 21. Describe the spectrum of sunlight, and state how the spectrum is 
\yhen the sunlight passes through water vapour (see par. 71). 
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22. State what you know concerifing the connection between the 
aurora and magnetic storms (par. 83). 

Section IL 

23. What has been learnt of the sun’s rotation by the observation of 
spots? (par. 79^2). 

24. (jive an account of the various classes of variable stars and the 
suggested causes of variability in each case (par, 223), 

Section III. 

25. State the methods by which the rotation and revolution of the 
earth have been demonstrated (‘Elem. Physiog.,’ pars. 302 and 306). 

26. How have the depth of the ocean, the nature of the ocean bottom, 
and the temperature and chemical composition of ocean-water at different 
depths been ascertained? (App., pp. 376 to 380). 

Section IV. 

27. State what is meant by the ‘dew-point,’ and desci;ibe a dew*pomt 
hygrometer. How are observations made with this instrument, and what 
deductions can be drawn from the results of those observations ? (par. 301). 

28. What is a geyser, and in what respects does a geyser resemble a 
volcano? State the points in which geysers resemble and differ from 
volcanoes and ordinal y hot springs respectively (App., p. 381). 

29. Describe three common types of each of the following : {a) 
Volcanic rocks, {d) Aqueous rocks, (^) Plutonic rocks, and (d) Metamorphic 
rocks (‘Elem, Physiog.,’ chap. vi.). 

30. Give an account of the manner in which calcareous rocks are 
formed by the agency of plants and animals (‘Elem. Physiog.,’ pars, 122 
to 126). 


Honours Hscamination. 

Instructions. 

You are permitted to attempt alt, or any of, the questions. 

The value attached to each question is the same, 

41. State fully one method of determining the distances of the stars. 

42. How have the stars been classified according to their spectra ? 

43. What chemical elements are found in meteorites? In whaf 

respect do meteorites resemble in composition the earth’s crust, and in 
what do they differ? , ' ’ > . 

44. Describe the structhr^ anft JEhode of origin of mountain-chain$„ of 
•the Appalachian type.’ 

'45. we an accsoimt of the tesult^ obtein^ by recent researches 

Mowing snlaje^,^- - '' 

{a\ Tho pres^^qe of Mlhnn in snn> stars, and nebulae. 

M! tlj?# raret minerals fotuwl |n Sand* / 
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Mfy, 1897. 

Second Stagre, or Advanced E3:amination. 
Instructions. 


You are pennitted to answer six questions* 
from each Series. 


Series I. 


Of these, two must he taken 


21, Compare the rate of vibration of a pendulum 36 inches long with 
one 18 inches long. If I took a pendulum of any given length from 
London to the Equator, what change would be noticed in its rate of 
vibration ? (see par. 298). 

22. Compare the vibrations which produce sound and light respectively, 
stating in what respects they agree, and in what respects they differ (pars. 
28S to 290). 

23, State what is meant by the mechanical equivalent of heat, and 
explain a method by which it has been determined (par. 296). 

24. Name the elements of the earth’s magnetism. How would you 
locate the positions of the magnetic poles? (pars. 253, 259). 


Series IL 

25. Explain the slowness with which icebergs melt even in warm seas, 
and the reason why they produce fogs in their vicinity (pars. 60, 193, 
‘ Elem. Physiog.’). 

26. Explain the reason of the constant filling up of lakes. State the 
theories that have been proposed to account for the origin of lakes 
(par. 283). 

27. What is the difference between spring tides and neap tides ? 
What determines the time of the occurrence of spring tides and neap tides ? 
(pars. 136 to 141). 

28. In what respects do rivers and glaciers resemble one another? 
State how they differ^ from one another in their mode of transport of 
materials from mountains to the sea (see chap, xii., * Elem, Physiog.^* 

Series IIL 

29. How do we determine the time of rotation of the earth ? Why is 

it that the sun is not employed in such an investigation ? (phr, 302, 
*Elem. Physiog.’), s o- » 

30. What is a transit of Venus ? Explain how observations Of this 
phenomenon help us in determining the distance of the sun (par. 202). 

31. What is meant by a periodic comet ? Describe the appearance of 
a comet as the sun is approached (pars. 154 and 157). 

32. Describe briefly how the proper motions of the stars have been 
determined from observations made with the transit instrument (pars. 
208, 209). 


Honoiuns Examination. 
Instructions. 


You are permuted to attempt att, or any of the questions. 

41. Sute what is known concerning the nature of nebulae. 

4^* dive, an account of ^ otservattons which have be^ Mde 

Jeatures of Mars. * -rr . ^ 
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43. Give an account of the conditidh in which carbon and silicon are 
present in meteorites. 

44. What are the chief causes which have been suggested as giving 
rise to earthquake vibrations ? 

45. Give an account of recent researches which have been carried on 
in connection with — 

{a) The density of the earth. 

{d) The presence of gases in the minerals and rocks of the earth’s 
crust. 


June (Day), 1897. 

Second Stage, or Advanced Examination. 
Instructions. 

Vou are permitted to ajtswer six questions. Of these^ two must he taken 
from each Series. 

Series I. 


21. State what you know concerning the velocity of sound-waves and 
light- waves. How do the waves producing violet light dififer from those 
producing red light? (pars. 292 and 290). 

22. Describe one form of maximum- thermometer, and one form of 
minimum-thermometer (par, 299). 

23. Two vessels, one containing pounded ice, and the other water at a 
temperature of 32® F., have thermometers placed in them and are then 
heated from the same source ; state what difference will be noticed in the 
records of the two thermometers and the cause of the difference (‘ Elem. 
Physiog.,’ par. 60). 

24. What is meant by the infra-red and the ultra-violet portions of a 
spectrum ? How does photography aid us in investigating these regions ? 
(par. 290). 

Series II. 


2$. How do you explain the cold in the upper regions of the atmosphere 
when the sun is shining brightly? (* Elem. Physiog.,’ par. 214). 

26. Why does an ordinary sounding-line fail to give accurate results 
when used to measure the depth of the deep oceans ? How can correct 
results be obtained ? (‘ Elem. Physiog.,’ par. 179). 

27. Explain the action of a geyser and the cause to which that action 
is due (App., p. 381). 

28. Describe the action of rain in producing subaerial denudation 
(f Elem. Physiog,,’ par. 231). 


^ Se&issHI. 

What is the cause of the precession of the equinoxes ? 
this alfect the apparent diiteotscm of the earth’s axis ? (pars. 180, ^ 

30. Describe the tol^opic appearance ,pf the planet Saturn, and sS^tte 
the number of its satellites* W% this planet appear at times only as 
a bright disc ? (par. 107). 

^ 31. Define parallax. What ,i8 unit of distance employed m the 
determination of stellar iwirallax? And why? (pars. 197 and , 

32. Ho^ are the of thb, 4tars in the heavens det^eftined? 

Hmae and employed (pars. 11, 12, 47, 4^).* 

11 . - - ^ ^ 
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Base line, 
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Continuous spectium, 67 
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lines, 91 
Dissociation, 89 
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Duiomite, Appendix 
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internal temperature of, 271, 
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interior, 274, 275 
Earth-shine, 116 
Ebb of tides, 138 
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Eclipses, of moon, 130; of 
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Elements, in the sun, 70, 84, 
89 ; in meteorites, i6g ; in 
stars, 222 
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Encke, comet, x6o 
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transmutation and degrada- 
tion of, 297; kinetic, 297; 
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Equation of tune, 177, 178 
Equatorial currents, 249 
Equatorial telescope, 49 
Equinoctial, ii 
Equinoxes, xi 
Error of sidereal clock, 47 
Erup^e prominences, 83 
Evening star, 97 
Eye-piece, 43> 45 


FACULiB, 77, 78 
‘ Fault, 2^ 

Fftrrd, law, 233 
Fhblt point of Aries, xx 
Fizeau, method of determin- 
velocity of light, 55 
F^qi of magnetic force, 259 
Focus of lenses, 30 


Fot^ault, method of deter- 
' papamg velocity of light, 55 
Fjcauphofer linei^ 6r ; expUif 
; , nation of, 70 
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Geo-syn dines, aSx 
Geo-thermometer, 271 
Geysers, 381 
Glacial epoch, 276 
Golden number, 124 
Gravitation, 27, 213 
Great circle, 8 
Gulf stream, 248 

Hail, 33 i» 376 
Halley, comet, 154, r6o 
Harton Pit experiment, 193 
Harvest moon, lao 
Heat, mechanical equivalent 
of, 296 ; capacity for, 296 
Helium, 85, 222, 230 
Helmholtz, theory of sun*s 
heat, 94 

Holosideiites, 170 
Horizon defined, rational, 
sensible, visiblr, ro ; dip of, 
10 ; distance of, 10 
Horizontal magnetic force, 
255 

Horizontal parallax, 197 
Hour angle, 11 
Hour circle, xi 
Huggins, Dr., on nebulae, 231 
Humidity, calculation of, 301 
Hurricanes, 245 
Hygrometers, 301 


Igneous rocks, 174, .appendix 
Indinatioa (magnetic), 252, 
2 S 4 

Intra-red waves, 290 
Isobar, 239 
Isoclinic lines, 257 
Iso-geotherms, 299 
Isogonic lines, 256 
Iso-seismic lines, 282 

Jupiter, 104 ; atmos-phere of, 
105 ; satellites of, 106 ; mass 
of, los, 106 

Kaolint, Appendix, 361 
Kant’s Hypothesis, 267 
Kepler's laws, 26 ; deductions 
from, ^2 

KirchhofF, on spectra, 69 
Kuro-siwa, 249 


Lakes, origin of, 283 ; kinds 
of, 283 

Laplau», nebular theory, 268; 

on interior of Eartb, 275 
Latitude, celestial, 12; ter- 
neStrial, X94 ; detenninatioa 
of, 194 

X'Upses, 39; formadon of mi- 
by, ^ ; achromatic, 4X 
Loonid|, 

I4bfp^ 0^ xz 

libwttionv w 


Lick telescope, 44 
Li^ht, nature of, 28 ; inten- 
sity of, 31; reflection of, 
32 ; refraction of, 36 ; totaj^ 
internal reflection of, 37 ; 
atmospheric refraction of, 
38 i velocity of, 55 ; decoin= 
position of white light, by 
priam, 58 ; by gratings, 65 
Light-year, 2o:;r 
Limestone, origin of, Appendix 
Local time, X95 
Lockyer, on sun's atmosphere, 
76 ; on eloraints in sun, 74 ; 
theory ot sun spots, 80 ; on 
dissociation, 89; on classi- 
fication of stars, 221 ; on 
types of stellar spectra, 222; 
on meteoric-nebular theory, 
270; on variable stars, 225 
Longitude, celestial, X2 ; ter- 
restrial, 19s ; determination 
of, X95 

Lunar ciaters 126 
Lyrids, 162 

Magellanic clottds, 237 
Magnetic elements, 253 
Magnetic equator, 252, 257 
Magnetic force, 255 
Magnetic instruments, 253 
Magnetic intensity, 258 
Magnetic observatories, 265 
Magnetic poles, 251-269 
Magnetic storms, 83, 264 
Magnetism of earth, 251-266 ; 
distribution of, 359 , varia- 
tions in, 260-263 
Magnetite, 169 
Magnetometer, 255 
Magnifying power of a tele- 
scope, 43 

Mars, xoz ; satellites of, 102 ; 

distance of, 200 
Mass defined, 2x2 
Mazapil meteorite, 164 
Merct^, 99 
Meridian, celestial, xp 
Meridian circle, 4^ 
Metamorpbismt 
Meteoric hypq^De^'qsw:^ 
Meteorites, X06-175 1 classifi- 
cation of, 167 ; physioftj 
structure of, x68 ; chemical 
composition of, 169 ; spectra 
of, 175 , 1 / 

Meteors, X6X-165 ; ridiapffl 
point of, 163 ; swarm o(, 164 : 
number of, 165 ; showeffs-o^ 
x62» 164 

Micrometer, 54 - - 

Milky Way^ 337 ^ , i - " 

Mum^ spnr^, sis* ' - t ;<*! 
Mineral vdms, 

Mines, tempcralare?^^ ' 

' 



MIR 

Mirrors, plane, 33 ; curved, 34 
Modulus of elasticity, 284-286 
Monsoons, 238 

^Month, different kinds of, 115 
Moon, dimensions of, 113 ; 
revolution of, 114, 118 ; 

phases of, 116; rotation of, 
117 ; true form of orbit, 118 ; 
surface of, 125, 126 ; atmo- 
sphere of, 127 ; light and 
heat of, 128; eclipses of, 
130 ; tidal ififluence of, 136, 
140 ; size of, 199 ; mass of, 

2X8 

Motion in the line of sight, 209 
Mountains, formation of, 28t ; 

kinds of, 281 
Mural cycle, 48 


Nadiu defined, 30 
Nautical almanac, 47, 177, 188 
Neap tides, 139 
Nebulae, 228 ; kinds of, 229 ; 
spectra of, 230; nature of, 
23Z, 232 

Nebular theory, Laplace, 
268 ; Lockyer, 270 
Neptune, iii 

Newtonian telescope, 46 , 

Nodes, 23 

November meteors, 162 
Nucleus, of sun-spots, 79 ; of 
comet, X52 
NUtatiou, x8a 

Obi^iquity of the ecliptic, X79 
Occultation of stars, X27 
Ocean Sea) 

Ocean currents, 246-250 
Ocean deposits, 376-380 
Olivine, 369 
Opposition, defined, 97 
Orbit of earth, changes in, 179 
Orbits of planets, 16^ 

Orion, 7 

Orloo nebula^ 229 


pARAttOLA, 3S4 
Parallax* denned and ex- 
plained, X97 ; of moon, xpS ; 
of Mars, aoo ; of sun, 201, 


9Qil 

Pfttdtjto, 998 

^9, X30 

Pe%«b, x; 

Pepmelion, 17 
PerjH *7. 

Peuwiic itme, *7 
ferseWs, x 6 a 

Perturbations, planetary, 27 ; 
of moon’s orbtt, xex 
, »88 

I of moon, xx6 
, toa 

.rapby (celestial), 232 
pbere, 77t 78 
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Planets, common characteris- 
tics of, 18 ; distances of from 
sun, 19 ; classification of, 
22 ; inclination of orbits to 
ecliptic, 23; inclination of 
equatorial planes, 24 ; ele- 
ments of 01 bit, 25 ; mose- 
ments of, 96 ; positions of, 
97 ; periods of, 98 ; mass of, 
21S, 2x6 

Pleiades, 7, 229 
Pliicker’s tube, 67 
Polar distance, ri 
Pole, celestial, ii 
Pole star, 7 
Position-angle, 226 
Precession, 180; physical cause 
of, 181 

Prestwich, on internal tem- 
perature, 271 
Primary planets, 15 
Prime vertical defined, 10 
Prism defined, 56 ; refi action 
57 

Proctor, R. A., on atmosphere 
of Mercury, 99 
Prominences, 77, 85 
Proper motion of stars, 208, 
2x0 

Pyrheliometer, 93 
Pyrometers, 300 

Quadrature, 97 

RADtAN, 3, 

Radiant point, 163 
Radiation waves, 290; velo- 
city of, 292 
Radius vector, 17 
Rational horizon, xo 
Red stars. 223, as6 
Reflection (we Liiibt) 
Refraction (we Light) 

Reticle, 47 
Reversing layer, 89 
Right ascension, 11 ; mode of 
finding, 47 

'Ro<fc classification of, Ap- 

Ro^a. folding and fruiting 
Of, 280 

Rotation, apparent diurnal, of 
heavens^ 4 
Rotation of sun, 70^ 

Rotation period of planets, 99 
Sards, 124 

Saturn. 107; rings of, 108. 

satelUtes of. xog 
Schehalllen experiment, xpx 
Schreiber^o, 

^ott, R. H., on cyclones and 
anti-cyclones, 244 
Sea, deposits of. Appends : 
temperature of, Appendix , 


405' 


9 UN 


pressure ' tp, Appendix, 
380 \ ' , 

Seasons, 13 A 

Secchi, types * 1 '^ 

tra. 222 ^ 

Secular changes or 'earth’s 
orbit, 179 

Secular cooling of earth, 272, 
274, 275 _ 

Secular variations of magiict.c 
elements, 261 
Seismometry, 282 
Serpentisation, Appendix 
Sextant, 52 
Shear, 285 

Shooting stars (see Meteors! 
Showers of meteors, 162, 164 
Sidereal time, 11 
Sidereal clock, ix ; error of 47 
Sidereal period 98, 1 15 
Signs of the zodiac, 13 
Sinter, Appendix, 363 
Sirius, 7, 222 
Sky, colour of, 295 
Solar eclipses, 84, 85, 13X, 134 
Solar heat, 93; maintenance 
of, 94 

Solar spectrum, 58, 60, 6x ; 
heating and chemical effects 
of, 66 ; normal, 7a 
Solar system, 14, 15 
Solstices, X3 

Sound-waves, 289; velocity 
of, 292 

Specific heat, 296 
Spectra, various kinds of, ^7^ 
variations of, 68; photon 
graphic, of metals, 67 
Spectroscope, 62 ; pocket sg^ec- 
troscope, 63 ; indicating 
motions of, pi, 209 
Spectrum analysis, difikmlries 
of, 73 ; summar;9 of, 74 
Sphere, 8 
Spherical angle, 8 
Sporadosiderites, X72 
Spring tides, 139 
Star charts, 23a 
Stars, number of, 6; mi^ir , 
tude or brightness ofir 6 a 
naming of, 7 * 

7 ; position of, ddhlid,' ^ 
distance of, 

motion of^ 208^ 'itt ^ ; . 

in line of ^ght^ aop'ilfrtwre 
of, 22X ; Moups 6tf 2jtX4 
spectra of, dan; vdriante. 
223 ; new, 224 ; causes 01 
variabiUty, 225 : coloured, 
226 ; binary, 226 ; multiple, 
226 ; distribution of, 227 *, 
system of, 227 

Stellar parallaxes, 207 m 
S train, 284 
Stress, 284 

Sun, dimensions eff, 76 ; physi- 
cal nature of, 77 ; rotaxaono 4 
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SUN 

79, 79^ ; light of, 92 ; heat 
of, 93 ; origin and age of, 95 ; 
distance of, 201-204 ; paral- 
lax of, 202 ; mass of, 214 
Sunset effects, 295 
Sun spots, 79, 81-83 I spectra 
of, 90 ; connection with 
earth’s magnetism, 83 
Sun-s{»t period, 82 
Synodic period, 98, 115 
Synclines, 280 

Synthesis of igneous rocks, 
Appendix 
Syssiderites, 171 
Syzygy, III 

Tails of comets, 157^ 
Telescope, astronomical, 42 ; 
magnifying power of, 43 ; 
image of, 44, 45 ; reflecting, 
46 ; equatorial, 49 
Telespectroscope, 64 
Telluric lines* 71 
Temporary stars, 324 
Terminator, 125 
Theodolite, 50 

Thermometers, registering, 
5S99 ; deep-sea, 299; slow- 
action, 299 ; overflow, 299 ; 
high-temperature, 300; air, 
300 

Thermo-electric couple, 300 
Thomson, Sir William, on age 
of sun, 95 ; on cooling of 
earthy 274, 275 
Tlirast-plane, 281 
TSdal ©volution, 151, Ap- 
p«tdix 
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Tidal wave, course of, 144 
Tide^., 135 ; causes of, 136 ; 
daily changes of, 138 ; spring 
and neap, 139 ; priming and 
lagging of. 130 ; theory of, 
I37> 140 » height of, in in- 
land Seas and lakes, 241 ; 
effects of, on earth’s rota- 
tion, 150 ; on moon’s rota- 
tion, 151 

Time, equation of, 177, 178 ; 
mode of determining, 47; 
sidereal, 1 1 ; solar, mean 
and apparent, 277, 178 
Tornadoes, 245 
Torsion, 287 
Torsion balance, 192 
Trade winds, 23d 
I’ransit circle, 48, Appendix 
Transit instrument, 47 ; reticle 
, ofj 47 

Transit of Venus, 97, 202 
Triangulatiou, 186 
Trigonometrical functions, 
Appendix 
Tropics, 13 
Twilight, 38 
Typhoons, 245 


Ultra-violet waves, 290 
Umbra, 79, 130 
Uranolith {see Meteorite) 
Uranus, no 
Ursa Major, 7 


Variable stars, 223 


ZOD 

Vega, 7, 222 
Velocity defined, 239 
Ve'ocity of sound-waves, 292 ; 

of radiation waves, 292 
Venus, 200, 202 ^ 

Vernal equinox, 21 
Vernier, 53 
Vertical circles, ic 
Vibration, molecular, 290 
Volcano, chemistry of, Ap- 
pendix 

Waterspouts, 245 
Wave-length, 288 
Wave-length of rays of light, 
72 

Wave-motion, 288 ; absorp- 
tion of, 291 
Winds, 23+ 

Woodward, Prof., on mathe- 
matical theories of the earth, 

375 


Year, d fferent kinds of, 183 
Youpg, Piofi, on corona 88; 
on distortions of lines in 
spectra, 90 ; on heat of the 
sm, 93 

Young's Modulus, 286a 


Zenith defined, to 
Zenith distance, 10 
Zenith sector, 51 
Zodiac, 23 
Zodiacal light, ii 





